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The Hall resistivity of a ferromagaet consists of two 

parts: i) The ordinary part, which arises due to the Lorentz 

force acting on the current carriers, ii) The extra- ordinary 

part arising from the asymmetric scattering or some transverse 

displacement of the current carriers due to their interaction 

with the scattering centres in the metal. Some kind of spin- 

orbit coupling is believed to provide this interaction. The 

extra-ordinaiy Hall co-efficient R shows a change of sign on 

s 

alloying in various binary and ternary Hi and Pe based alloys. 
Generally this sign change of R„ is also accompanied by a sign 
change in the co-efficient of linear magneto- strict ion X 

s 

and an associated maximum in the ferromagnetic anisotropy of 
resistivity (PAR). Since very few systematic studies have been 
made to investigate the sign change of R in ternary alloys, 
we took up the two alloy systems, Hi- Pe-Gr/V for our present 
study. The two systems, specially Hi-Pe-Gr, seemed to be of 
additional inteiest because of the already existing data showing 



a aon-linsar change in the a'verage magnetic moment }i on 

alloying. There seemed to be a possibility that the split - 

band (S.B.) model, developed by Beider to explain the sign 

change of R and X in Hi and Be based alloys, may not hold 
s s 

good for the Or system. As it happens quite often, though the' 
beginning 'was made with this limited aim, some interesting 
results at the initial stages of the woiS; subsequen-tly drew 
our interest also to a systematic and comprehensive study of 
the magnetic properties of the two ternary systems in the 
Hi-rich region. 

After briefly introducing the sub;iect in Chapter I, a 

short review is given to highlight both the experimental and 

theoretical findings obtained so far. This is followed by a 

discussion on the S.B. model and its importance in connection 

with the sign change of R and K in various binary and 

s s 

ternary alloys. The Chapter ends by spelling out the motiva- 
tions behind the present investigation. 

Chapter II starts with the experimental techniques 
involved in sample preparations and characterizations. Hext 
is discussed the procedures followed for magnetic measurements 
using a PAR model 155 vibrating sample magnetometer, Pinally 
the dosign and fabrication of the cryostat along with the 
necessary circuitry used for the measurements of Hall effect 
and resistivity in the range 77-473K is discussed. Special 
attention is given to the design of the sample holder which 
allows one to use pressure contacts. 
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in Chapter III are presented the results of magnetic 
measurements after deYeloping the theories used for data 
■-.nalysis. At the same hreath the results are also discussed. 
The magnetic measurements consist of: i) measurement, 
li) study the change in magnetization of seven Ei-Pe-Gr 
alloys and four ITi-Pe-V alloys from 77K upwards and their 
interpretation in terms of the spin- wave theory, iii) change 
in saturation magnetization at OK (obtained by extrapolation) 
vath composition, iv) study of susceptibility above for 
three Ni-Pe-Or and two ifi-Fe-V alloys, v) Arrott plots for 
a few alloys from 77K to near their respective T 's. The 
results of the magnetic measurements can be summarized as 
follows ; 

(1) Though a T'^'^^-term along with a T'^-term could well account 
for the decrease in magnetization with temperature, the values 
of the spin- wave stiffness constants were found to be always 
less than the corresponding neutron scattering results. This 
discrepancy was found to be due to the existence of other than 
spin-wave excitations, which appeared to be like Stoner's 

single particle excitations for itinerant weak ferromagnets , 

2 2 
following a T -law. The co— efficient for T -term increases 

with increasing Gr concentration. 

(2) Reduced magnetization, when plotted against reduced 
temperature, falls much faster than Brillouin functions. 

(3) The ratio of the number of Bohr magnetons per atom, 
obtained from the Curie constant and the one from the low 
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t6.ip3rature saturation magnetization, was always found to be 
greater than unity. This ratio increased fast with the 
addition of Cr/Y (i.e. decreasing T ). 

(4) Arrott plots were found to be fairly good straight lines 
for the alloys with lower T over a wide range of temperature. 
All these evidences indicate that with increasing Cr/V 
concentration, both the ternary systems behave more like 
itinerant weak ferromagnets. 


Chapter IV starts with the results of the extra-ordinary 
Hall co-efficient measurements at 77 and 300K of about fifteen 
alloys in the Or series and twelve in the Y one. Prom these 
data we could establish the positron of of the 0 


(■’"hs = 




is the extra-ordinary Hall conductivity) line for 


both the series. The informations that could be obtained 


from our measureGBats are the following: 


(i) Por both the alloy series, ■'hs - ° line lies far away, from 
both the experimental *^0 line as well as the X '^Ytto 0 

line predicted from the S.B. model. Deviation was found to be 
more in the case of Gr series than tbe Y one. 


(ii) Both ('yTTq)„„^ and (Xo)^^'n lines showed consider- 
able curvature, contrary to idiat one expects from the S.B. 
modal. An attempt was made to explain the curvature by empiri- 
cally introducing the non-linearily in the experimental, h 
vs, concentrations curves, in the equation for Yj^g^X^ ^ 0 
line, predicted from the S.B. model. 



Some possible reasons have been discussed to explain the 
failure of the S.B. model in the light of the results obtained 
from magnetic measurements. The Chapter ends with an attempt 
to explain the residual resistivity of the alloys with the 
help of the "two- current" mcdel for conduction in timisition 
metals. 

The conclusions that could be drawn from our present 
study are summarized in Chapter Y and the scops for future 
work has been discussed. 



Chapter I 


Hall Effect in gerromagaets 

It is well known that Hall effect in any material is 
basically a manifestation of the Loroitz force acting on the 
charged particles in a magnetic field. Due to this, the carriers 
get deflected and produce a transTerse field along the 
y-direction (under the usual Hall geometry the magnetic field 
is along the z-direction and the current flows along x-direction) . 
This field fs proportional to the current density and the 
magnetic induction B, Thus 

Sy = Jx B (I-D 

where is the Hall constant which is inversely proportional 
to the carrier concentration and the dominant carrier type 
(electron/hole) determines its sign. Deviation from Eq,n,(1,1), 
reflected in the non-linear behaviour of Hall voltage and 
magnetic induction, can arise mainly due to the following 
reasons ; 

i) A transition from low- field (m 1) to highr- field 
T > 1) Unit by either increasing the magnetic field or 

lowering the tempera ture/impurity concentrations, or both. Here 

gH ^ 

G) = — ^ (m = effectiTe mss of the carriers) is the cyclotron 

m 

frequency and r is the mean relaxation time. 

ii) If contribution to comes through some nachanism, 
other than the Dorentz force, considerahle deviation from 
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linearity might he observed. This is the case particularly in 
materials having some kind of long range magnetic order or 
even in those having short range magnetic oidering (viz. spin 
glasses) . 

Our present interest lies with the materials in the 
second category and that component of the Hall effect, which 
arises from magnetization. Figure '1.1 shows the typical 
betaviour of Hall resistivity (P-^j = E^/J^), as a function 
of magnetic induction in a typical ferromagnetic material. The 
similarity of this curve to that of magnetization clearly shows 
that in a ferromagnet the additional term should be proportional 
to magnetization. Indeed the Hall resistivity in a ferromagiet 
can be described as 

Pr = Rq B + EgM (SI units) (1.2) 

The first term is the usual Lorentz or ordinary term and the 

second one is called the extra-ordinary term with as the 

extra-ordinary Hall constant. It is quite obvious that in the 

high fields when the material has reached "technical saturation", 

further increase of Pr can be only through the first term and 

hence the high field part is linear in B, As shown in Figure 1.1, 

the slope of the high field straight line part gives R^ and the 

extrapolation of this straight line gives an intercept of R„M_ 

s s 

on the Pp-axis. Though this method of separation of the ordinary 
and the extra-ordinary terms is justified, a word of caution 
is necessary. For materials having a large high field suscep- 
tibility, specially near the Curie temperature T^, even the 
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extra -ordinary term can ha^e appreciable contribution to the 
high field slope of vs. B curves and hence the value of 
obtained by the above method "will be erroneous. In that 
case a knowledge of the high field susceptibility is necessary 
and can be extracted from the slope only when the contri- 

bution of the second term is evaluated. 

In general, is at least one older of magnitude higher 
tnan and hence in a ferro magnet the extia-ordinaiy teim 
dominates. Another important distinction is that has been 
found to be strongly temperature dependent in contrast to a weak 
temperature dependence of R^. There exists a correlation 
between R and the electrical resistivity P , 

“ (pf ' (1.3) 

where 2.0 >n >1.5 at higher temperatures in the usual ferro- 

f1) ( 2 ) 

magnetic materials like Ri^ ^ and Re^ . In transition metals 

and alloys, R usually follows the relationship 
s 

R^ = aP + bP^ (1.4) 

O 

where 'a' and ’b' are constants dependent on the material. 

Above the magnetic ordering temperature (T^ or T^j), 
though the extra-ordinary term (R_M ) vanishes since the 
material no longer possesses spontaneous magnetization, there 
is no reason to suppose that the co-efficient E„ also becomes 
zero. As can bo seen from Eqn, (1,2), the quantity 3 Pg/ 3 H 
should be proportional to the susceptibility and the temperature 
dependence should come mainly through the susceptibility if 
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R and R are assumed to be weakly temperature dependent in 

o s 

f '5 ) 

the paiamagnetic region. Theory^ ^ as well as experiments on 

Hi and Hi-Mo alloys^^^ and also on Dy^^\ etc., confirm 

this. These data also show a smooth variation of R„ across 

s 


1 * ^ Theories for Extra-ordinary Hall Effect 

Last thirly years have seen a burst in theoretical 
activity in search of a plausible explanation for this pheno- 
menon. It is amply clear by now that no single theory i.s 

capable of explaining all the characteristics of this effect 

(7 8 ) 

in a large variety of materials. Since good reviews''’’ on 
this account already exists in the literature, and very few 
new developments have come up since then, we have no intention 
to present the same here. Rather we will try to present 
briefly the salient points involved in those theories which 
have been able to stand the test of time. 

The experimental relationship between R and p naturally 
drew the attention of theoreticians in search of a scattering 
mechanism which can produce a voltage having the odd nature 
(with respect to current and magnetic field directionfi), 
characteristic of the Hall voltage. An interaction vrtaich 
depends bn spin and can have the antisymmetric character 
needed for this kind of scattering, is the spin- orbit intei^- 
action. All the theories developed so far agree on this 
basic point that sone kind of spin-orbit interaction is 
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responsible for the extra-ordinaiy Hall effect. Divergence 
starts with the nature of the spin-orbit (henceforth termed 
as S.O.) interaction. Similar to other branches of magnetism, 
here also the theories can be broadly classified into two 
categories; i) itinerant, ii) localized. 

1.1.1 Theories Based on Itinerant Ijfodels 

f Ql 

In the original work of Karplus and luttinger, ^ 

assuming d-electrons to be itinerant in character with unequal 

population for spin-up and spin-down electrons (to account for 

the magnetization), it was shown that an extia-ordinary term 

with CO— efficient proportional to the square of the electrical 

resistivity can arise under the influence of "intrinsic" 

(d-spins interacting with its own orbital angular momentum) 

S.O. interaction. As a result of this S.O. interaction, the 

electron wave- functions acquire a left-right asymmetry and a 

net current is produced under the influence of an electric 

field, along a direction perpendicular to both the electric 

field and the average direction of the spin of the electrons* 
f 10 11) 

But Smit^ ’ criticised their theoiy on the ground that 

in a perfectly periodic lattice this mechanism cannot produce 

any net current but can only polarize the Bloch States. 

Doviatiou from periodicity due to lattice imperfections or 

impurities can only produce a finite current. Though in a 

f 12) 

later paper Luttinger^ ^ found some cancellation effect, he 
could not accept all the criticisms of Smit. The controversy 



f 13 ) 

still reraaias unresolved. Smit^ ' has showi that in the 
steady state all scattering- independent effects vanish and 
only surviving mechanism is that of skew scattering. But 
Smit's theory is also subjected to criticism as it predicts a 
sign change of the Hall an^e (E^M^/p) with the nature of 
the impurity scattering potential (attractive or repulsive), 

f 

which is not consistent with his own experimental results. 

Another important aspect is that these theories obviously 
cannot be applied to rare-earth systems whose electrons contri- 
buting to magnetic moment are well localized. 

•There are other theories also by Irkhin and ShavrovP^^ 

which considered the scattering of electrons by phonons and 

2 

obtained similar kind of relationship (E_°= P ) as for impurities. 

s 

( 15 ') 

Kondorskii^ arrived at a relationship similar to Egn. (1,4) 

by considering the scattering by both impurities and phonons. 

f 15) 

His own experimental results^ for a number of Ni-Ee, Ee-Mc^ * and 
Ee— A1 alloys follow Eqn. (1,4) over a wide range of temperatures 
and concentrations . 

1,1.2 Theories Based on Localized Models 

Kondo^^^^ proposed a different model where the charge 
carriers are S- electrons with equal population for spin- up and 
spin-down electrons and the d/f-electrons are localized at 
the lattice sites with their total spin contributing to the 
magnetization. At finite temperatures, the periodic potential 
of the lattice is disturbed due to thermal disordering of the 
magnetic moments and the S-electrons get scattered under the 




influence of d/f-spin-S-spin interaction (EKKY type). Though 
anisotropic (which disappears when the grouM state of the 
d/f-electrons is nondegenerate) in nature this interaction 
itself cannot give rise to skew scattering and hence no extra- 
ordinary Hall current. Only when the "intrinsic” S.O. inter- 
action of the d/#-electrons is taken into account, a Hall current 
appears. According to his calculations, the Hall resistivity 
is given by 

Pp = Constant < (M-<M>)^ > 0'1«5) 

where < (M - < ) > is a three-spin correlation function 

which describes the spin— fluctuations due to thermal disorder 

and account for the temperature variation of Pp. At T=0 

this function vanishes and in the paramagnetic range (above T ) 

it can be exactly evaluated to give pp ^XH and hence in 

agreement with the experimental results. In the intermediate 

temperature range Hondo evaluated this function and showed that 

except for the low temperature minimum observed in pure PeyHi 
(2 17 ) 

and Go^ ’ , all other experimental aspects agree qualitatively 

well with this theory. But an important criticism of this 

theory, as pointed out by Hondo himself, is that no skew 

scattering can arise if the orbital angular momentum of the 

d/f-electrons is quenched as in transition metals a.nd Gd, 

To circumvent this, Abel'skii and Irkhin^^^^ and 

f 19 ) 

also Kagan and !.!aksimov^ ' invoked a mixed iype of S.O. 
interaction (S-orbit/d(f )-spin) along with the intrinsic 
S.O. interaction and evaluated the three spin- correlation 
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function under the molecular field approxi nation to obtain 
for S = I 

Pk “s 

vhere M (T) is the spontaneous nagnetization at temperature T, 

o 

i-laranzana^ also evaluated the correlation function under 
molecular- fie Id approximation to obtain in terms of the 
derivatives of Biillouin functions. The results are essentially 
similar to those of Kondo, An expression for for antiferro- 
magnets "was also obtained’ by him, 

1.1.3 Scattering Mechanisms 

From the picture that has emerged so far, two distinct 
scattering mechanisms appear to be responsible for the extra- 
ordinary Hall effect, viz. i) skew scattering, and ii) side-jump, 

C 11 ) 

As proposed by Smit^ ,■ the S.O. interaction lifts the 

left-right symmetry with respect to a plane containing the 

electron’s spin and its incident velocity and hence the 

scattering probability towards left and right of this plane no 

longer remains equal,- This asymmetric or skew scattering 

results only when the scattering probability is calculated in 

the second Bom approximation. But calculations with plane 

waves (i.e, free electrons) as unperturbed wave- functions give 

results which are-tdo small to account for the experimental 

results. The correct order of magnitude is obtained only when 

the influence of the periodic part of the S.O. ‘interaction on 

f 21 ) 

wave- functions is taken into account^ . In the case of 
noble metals containing rare earth inpurities with localized 



4f electrons, skew scattering arises from the orbital exchange 
teims^^^^, lert and Jaoul^^^^ proposed a different skew 
scattering theory based on S-d-S scattering of the free electrons. 

Whatever be the model, skew scattering always predicts R to be 

s 

proportional to the electrical resistivity. It is dominant 
when the electron mean free path is large, i.e, in dilute alloys 
and/or at low temperatures. 

Another nBchanism is the side- jump, proposed by Berger^ 
which arises when scattering of wave packets are considered in 
the presence of S.O. interaction. It has a purely quantum 
mechanical origin ^ich can be visualized as follows. When an 
electron wavepacket is approaching a scattering potential, before 
and after scattering the motion of the center of mass can be 
well described as moving along straight lines. But the two 
trajectories before and after collision might not meet at the 
center of the scattering potential; the new trajectory might be 
displaced from the one before scattering by a finite amount. Thus 
at every scattering the electron wavepacket experiences a 
finite displacement (calculated to be about -10 10 ^"'m. for 

band electrons) along y-direction which contributes to the 
extra-ordinary Hall effect. This results because the scattering 
potential distoits the wave function locally and thereby 
creates a local current density. It also experiences a 
longitudinal displacement which however does not influence the 
Hall effect. The magnitude of the side— jump has been found 
to be independent of the range, strength, and nature (i.e. 
impurities, phonons, etc.) of the scattering potential. This 



mechanism dominates when the mean free path of the eiectrons 
is small i.e, for concentrated alloys and/or at high temper- 
atures. R arising from side- jump should be proportional to 
the square of the electrical resisti-vity. More sophisticated 
calculations for side- jump hare been carried out by Lyo and 
Holstein^ ^ and also by Nozieres and Lewiner^ in the first 
Bom approxj.mation and their results confirm Berger's findings. 

1.2 Sign of the Extra-ordtnaiy Hall Co-efficient (H„) 

s 

The theories discussed so far, minly tiy to explain 

the relationship between R and the resistivity P , or the 

temperature variation of R . The first successful theory to 

account for the sign of R^ in common ferromagnetic materials 

like Re, Hi and Co was due to Kondorskii*' It is well 

known that both R„ and the ordinary Hall co-efficient R^ have 

the same sign in Re and Hi (both are positive in Re and 

negative in Hi at room temperature). So earlier it was assumed 

that it is only the carrier type which determines the sign of 

both R„ and R-. But in the case of Co, R changes from the low 
SO s 

temperature negative value to a room tenperature positive value 

(17) 

at around 220K, -viiereas R^ remains negative throughout^ \ 
later measurements on purer sin^e crystals of Re also show 
that Rq changes sign around 77K (from negative to high temper- 
ature positive values), although R remains positive througi>- 

s 

(2) 

out^ ^ . These facts along with the data for R_ and R in some 

o s 

alloys (e.g. Hi-Re, where R changes from negative to positive 

/ pO \ 

values around 18 at.% Re whereas R^ only around 95 at.% Re^ ^) 




clearly shows that E.. and R can have different sigis, in 

o s 

( 21 ) 

general. Guided by these facts, Kondorskii ' suggested 
a theoiy which involves a detailed knowledge of the Rermi 
surface of the metal to predict the sign of R_. 

o 

According to Kondorskii, in ferromagnets, due to the 
exchange splitting of the spin-up and spin-down bands, the 
occupation of the two sub-bands are different. The contri- 
bution to Eg by the carriers in different sub- bands (i.e, with 
different spins) will be diffe3rent; the carrier type (electron 
or hole-like) in a particular sub- band will be decided by the 
topology of that part of the Permi surface. So the overall 
sign of Hg will be determined by the dominating carriers and 
their spins. He arrived at an expression for R as 

o 

Es = (1-7) 

where I is the spontaneous magnetization, o is the electrical 
conductivity, is the average z-component of the magnetic 
moment of an electron in the n'*'^ band = +^- 2 ; which is 
positive for electrons in the up-spin band), is son© 

integral carried over the n^^ spin zone S^, and G is some 
constant for a given metal. Thus if the quantity 
the electronic part of the Permi surface dominates over that 
of the hole- part, the main carriers of extra-ordinary Hall 
effect can be termed as electron— like and vice versa, 
Accordin^y he formulated that R will be positive if the 
dominant carriers are electron-like and are from the up— spin 



band and negative if they are electron-like and are from the 
doT^ai-spin baM. For holes, the sigis will be just the opposite 
of those for electrons. Using the above criterion and from the 
knowledge of the Permi surface of Hi, Kondorskii found that 
the main contributions in Hi are from electron-like carriers 
from the unfilled down-spin band and hence R is negative. 

But for iron, the predominant current carriers are electrons 
from the up-spin bard and holes from the down-spin band, both 
of which contribute to a positive value of R_. 

o 

Though successful in explaining the signs of R_ in Pe 

s 

and Hi, the application of this kind of theory requires 

detailed knowledge of the Permi surface, which is often not 

a-vailable, specially for alloys. To explain the sign change of 

( 29 ) 

R with compos it jon in various Hi and Pe based alloys, Berger^ 
proposed a split- band model, which we will discuss in detail 
in the next section. Before, that, we would also like to point 
out that recently in a series of papers^^^^^^ Kondor^ii have 
applied Coherent Potential Approximations to calculate the 
extra-ordinary Hall co-efficient in binary disordered alloys at 
around OK, They have discussed the effect of both inpurily 
type and impurity concentrations on R_ (at OK) taking into 
consideration both the periodic and aperiodic part of the S.O, 
interaction. Though theoretically sound, theform of R^ is 
such that direct comparison of experinental results with 
their equations is not possible. Hence we will not discuss 
those theories further. 



1.2,1 Split-baad fS.B.) Itodel 

T-wo basic approaches were developed to tackle the 
pioblem of transitioii metal alloys wbere both the constituents 
could belong either to the same series or one of them could be 
a noble metal# The first approach is the rigid- band model due 

( 35 ) 

to Mott'' , and the second one is tbe virtual- tound^state 
model due to Friedel^^^^ . In the former case, the constituents 
are assunBd to form common d— bands as -well as S— p bands; and 
the addition of impurity simply changes the position of tbe 
Fermi level, connected with band filling, depending on the 
valence difference between the host and the impurity atoms. 

A typical example is that of Ni— Cu alloys, where by the addition 
of Cu (having one excess electron than Ni) the Fermi level is 
pushed up and around 60 at.% of Cu the Fermi le-vel coincides with 
the top of the Fi 3d- band, marking the disappearance of ferro- 
magnetism, The rigid— band model holds good if the impurity 
potential is not strong, which is true when the constituents 
have small valence difference. But if the impurity lies far 
away from the host in the periodic table (e.g. , Or, Y, etc, 
in li) , the perturbation around the impurity in the alloy 
might be strong enough to "split up" an impurity state above 
the FermL level. If this state lies just above the Fermi level, 
it can resonate with the continuum states. Such a stats is called 

(35) 

a virtually- bound state, as suggested by Friedel^-^ Since then 
it has been widely used to explain the deviation of saturation 
magnetizalnon a:t OK from the Slater- Pauling curve for alloys 
like Wi-Cr, Ni— etc. Also the "period-effect" "vdiere 



resist! Yily, themopower, electronic specific ' haat- co-efficient, 

etc. show periodicity as one starts adding transition metal 

impurities, starting from the left of the 3d (or 4d, 5d) series, 

to a given host, fijids suitable explanation in the framework of 

the virtual- bound state model (the "period'-, effecf’will be 

disanasad further in Chapter IV, Section 4.5). 

The split-band model (from now onwards it will be t'emed 

as S.B. model) is just an extension of the virtual- bound state 

model applied to fairly concentrated alloys and was suggested 

( 29 ) 

by Berger^ ^ to explain the sign change of in various 

s 

Ni- based alloys. According to this model, each constituent of 
the alloy has its own 3d band, distinct in the energy scale. 

In the case of ferromagnetic alloys, the bands are further split 
due to exchange interaction energy and so these sub-bands are 
also distinctly separate for various constituents. In a 
binary alloy ■'S-s x is increased, the bands for the element 

B grow in size and those of A shrink. This has a good theoretical 
support in the CPA calculations for the band structure of 

(35— 

various Ui and Be based alloys by Hasegawa et al,^ . 

the 

According to^CPA calculations, distinctly separate bands for 

constituents A and B safe possible if the average energy of an 

electron at site A (E^) and site B (Eg) differ by more than the 

(30") 

band width W of the host metal^ Usually this condition is 

fulfilled if the valency difference between the constituents 
is sufficient (^ 2). But in the case of ferromagnetic materiels 
tbe energy at a site i (i = A,B) is made of i) electrostatic 
and ii) exchange parts. So large valency difference between 
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the host and the impurity my not almys ensure complete 

splitting since the t^ energies my be of different sign. 

for the same reason the difference ^ •will also be 

different for spin- up and spin-do-wn electrons. As for example 

in ili-Ie alloys = -0.06 for the spin-up electrons 

and for the spin-dovn electrons it is 0.56, given in units of 

f 37 1 

naif the band •width^ \ So, due to the addition of Pe in Fi, 
tie spin-up band remains almost unaltered, -whereas the spin-down 
band gets considerably defornBd and almost splits up into two 
different sub— bands. 

There are fairly good experimental evidences in support 
of such band splittings. Ultra-violet photo- electron spectro- 
scopy (UPS) and reflectivity data for Ou— Ni alloys^ show a 
rapid increase of the number of states between the top of the 
Cu d-band and the Pernri. level with the addition of Fi, signifying 

the growth of a separate bard for Hi. later measuremnts on the 
(41 ) 

same system^ not only confirms the above findings but also 

show a quali-tative agreement with the CPA calculation of density 

of states for Gu-Ui alloys^^^^. UPS studies even in amorphous 

(43 ) 

Cu— Zr and Pd-Zr^ alloys show the splitting of the d— bands, 
though the shapes of the d-bands are completely different from 
those of the constituent elements. 


1.2.2 Spli-fc-band (S.B.) Model and the Sign Change of R in Alloys 

O 

( 44l 

It was found long back^ that the extra-ordinary Hall 
constant changes sim in Hi-Pe and Hi- Co alloys almost for 
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the sans electron to atom ratio 27.7.) • This to a 

■ (44) 

theory' % under the rigid bar3d approximation, accozding to 
■which the sign change of R -was associated -with the Rermi 
level crossing some degeneiacy in the Hi band. But, subsequently 
in Cu-l'Ii-Re alloys it -was found that no such correlation exists 

between R.., and the elect3x>n to atom ratio. To explain these 

( 2 - 9 ) 

results Berger' suggested an extreme model -vdiere all the 
three const ituexits have distinctly separate sub- bands in the 
ternary alloy with the bands for Cu lying at the bottom and 
those for Re at the top. The sign change of R was identified 
with the RermL level ci*ossing the top of the Hi spin do-wn band 
(or where the spin-down bands of Hi and Re meet). This model 
was further extended for Hi-Re-Me (Me = Gr, Y, Ti, W, Mo, etc.) 
allo 5 '’s and the band picture suggested for them is as shown in 
Rigujre 1.2, Of the three constituents, the bands for Hi are 
at the bottom since it is most attractive to electrons. On 
the other hand due to the large valence difference bet-ween Me 
and Hi, the bands for Me are split up from the host and are 
formed on top. Both the sub-bands (tend i) for Re have been 
shown here as separate from the corresponding sub-bands for 
Hi. But as discussed earlier, the spin-up band for Hi is 
affected little on alloying -with Re and hence the above picture, 
where the spin-up bands for Re and Hi have been shown to be 
separate, seems to be some-what extreme. However,' since tie spin.- 
up bands are full and lie below E^,, their role is of no 
importance in transport properties and in the present context 
it is of no consequence wtether they ar® split or remain as a 
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SCHEMATIC DENSITY OF STATES FOR Ni-Fe-Me ( Me -V,Cr etc) 
ALLOY SYSTEM ACCORDING TO SPLIT~BAND MODEL 
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single band. We call T as the point 'vrtaere the spin— down 
sub— bands for Fe and Fi neet. According to Berger’s theory, 
the si^ change of is associated with the Fermi level (Egi) 
crossing T, Fow the total number of states in a given 3<i-sub- 
band is five times the concentration of the corresponding 
atoms. Hence the Fermi level cross-over will take place when 
the total number of holes in the temary alloy system is equal 
to 5 = concentration of Fe atoms), i.e. when 

5G^ = 0.55 + 20^^ - (10 + Z) 
i.e, + (lO+Z) Gj^g = 0.55 (1.8) 

where 0.55 is the number of holes/atom in Hi, G stands for 
concentration and Z is the valence difference between Me and 
Hi (e.g, Z = -4 for Gr and —5 for V). It is to be noted that 
for counting the contribution of electrons/holes by Gr/V atoms, 
instead of simply taking the valence difference (Z) between Ni 
and Cr/V, a factor (10+Z) has been used. Because of the position 
of the Cr/V bands above Ep, they empty out all electrons Into 
the Hi spin— down band, the number of which is given by 
(10+Z) (See Reference (34)). But instead of Fi-Fe-Gr/V alloys, 
if one considers Fi-Fe-Gu system, then the sub— bands for Gu 
will lie below those of Fi, In that case band filling will be 
guided by the valence difference (Z = +1 in this case) only and 
so the sigi chan^ in Fi— Fe-Gu system will be determined by 
nqn.(1.8) with the term (10+Z)Gj^g replaced by simply 
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The reason for the sign change in is the following^ ^ . 

We recall that some S.O. interaction is necessary for the 

origin of extra-ordinaiy Hall effect. How the S.O. coupling 

2 2 2 

parameter, in contrast to that of free electrons (Xqq = ^ /2m c ), 

f 21 1 

for 3d-band electrons, is given by^ ' 


^so = W 


luatrix element 


\i ■ 


(1.9) 


where is the atomic S.O. parameter for 3d electrons, X 

0.1) is an o-verlap integral between nearest neighbour atomic 
3d-states, 'd' is the nearest neighbour distance of atoms, and 


2^ is the energy of a band state n. As can be seen from 

3qn.(1.9), the siga cf and hence R^ will be datermined by 

the quantity in the denominator. Whaa the Rermi level is in 

the upper half of the band, the states at Ej, mostly mix up 

with those of lower energy, tlius rendering the denominator 

(2^ - Ep) effectively negative. The case is reversed Torfaen 

Ern is at the lower half of a band. Hence R should change 

the 

sign when Eq, crosses the boundary between^two sub— bands. 

Such a chan^ c f sign has been experimentally observed 
in various binary and ternary alloys. According to Eqn, (1.8) 
the sign change in binary Hi-Pe alloys should occur when 
3Cpe =0.55? i.e. around 18 at.% Pe, which is in close agree- 
ment with the experimental findings In Pe-V alloys, 
though a sign change is not expected as both the spin-up and 
spin— down bands are partially full, still some anomaly was 
observed ^ ^ around the composition predicted by the S.B. model. 
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The other systems -where S.B. model has been found successful 

( PQ ^ 

are I'li-Pe-Cu^ amorphous ^®8O-x^°x:®20 

■^^80-x'^^^x®20 ^ etc, ■ 

1.2.3 Other Quantities Associated vith the Sign Change of 

The following properties are also expected "to show 

some characteristic features as E_ changes sign: 

s 

i) The electronic specific heat co-efficient r is expected 
to show a minimum as R passes through zero. This is simply 

o 

because the change of sign of R is associated with the Permi- 
le-vel crossing a minimum in the density of states, according to 

the S.B, model. Such a minimum has actually been observed in 

(49) (47 50) 

Hi-Pe,^ ' and sl.so a quasi-minimum in Pe-V^ ’ ^alloys. But for 

other systems, wheie the S.B. model has been found to be 

applicable, due to the absence of enough systematic data for r 

around R-‘'^0 compositions, this hypothesis could not be verified. 

ii) According to the S.B. Model, R_ and the linear 

co-efficient of- magnetostriction aie both supposed to change 

( 51 ) 

sign simultaneously. As sho-wn earlier by Berger^ * in his 
deforimtion potential theory of magnetostriction, X depends 

o 

on the z-component of the orbital angular momentum (<L2(3p)> ) 
at the Pemi level. Since <lj 2 (Egj)> should pass through zero 
when Perui level lies at the boundary between Ni and Pe spin— 
do-wn bands, X should also show a similar behaviour. Sxperi— 
mental findings definitely speak in its support. In fact 
the S.B. model has been found to be more successful in 

(52 53) 

explaining the sign ohanga of X„. In crystalline Ni-Pe'^ * % 

s 
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I'Ii-i'e-V^^^\ etc. and also in • 
amrphous (FeCoIttjgo 5'ego_^0o^20 

alloys the sign change of X do occur at compositions close to 

w 

those expected from the S.B. model. It should also be mentioned 
that theoretically calculated < L 2 (ii 2 p)> for IJi-Pe alloys^^^^ 
also passes th3x>ugh zero almost at the same composition where 

^^s^exp. ~ 

iii) ihiother transport property which shows a characteristic 

maximum as changes sign is the ferromagnetic anisotropy of 
- A P ^ ' 1 ” Pi 

resistivity (BAn), — — = , where and P, are 

^O ^O MX 

respectively the longitudinal and transverse magnetoresistances 
and Pq is the electrical resistivity in the de-magne tised 
state. The study of a large number of binary alloys like 
Fe-Fi, Co-Fi, Ou-Fi, etc, by Smit^^^^ and of Gr-Fi, Y-Fi, etc, 
by Yan 31st have shown that a large maximum (in some 
cases ^ 20 %) in Ap/p^ occurs for alloys having an electron/ 
atom ratio of 27.7 and sign change of etc. also occur 

o S 

( 44 ) 

for the same compositions^ . A similar behaviour has also 

( 29 ) 

been observed in ternary Fi-Fe-Cu alloys . But the reason 
for the presence of such a maximum is not so obvious. ite.rlier 
Berger^^^^ had shown tiiat a maximum in AP/P^ can occur when 
the Fermi level crosses some degeneracy (or near degeneracy) 
in the 3d- band states. Under the influence of the S.O. inter- 
action, the 3d atomic orbitals become anisotropic with 
respect to the direction of the spin (i.e. nagnetization) and 
thus the scattering cross-section of a 4S electron (to the 
3d states) become anisotropic. This anisotrepy reaches a 



imxiimm -when the Permi level lies near the degeneracy. Being 

a transport property, ap/ Pq is guided iKDstly by the electrons 

at the Beini level and hence the position of the Berint level 

strongly influences its (Ap/p^) behaviour. But in the later 
(47,49) 

papers ’ > it has been shown that the sign change of Xg 

and r and the associated maxiimm inAp/p„ can be explained 
even without assuming the presence of a degeneracy in the 
3d-band states, 

1.3 Motivation Behind the Present Investigation 

As discussed in Section 1.2.2, the sign ccange of R 
has been studied in veiy few temaiy systems. Though amorphous 

ternary systems like ®20 ^®80-x ^^x ®20^^^ 

have been studied, effectively these are also binary type since 

the third constituent (B) merely acts as a ^ass forming element 

whose concentration is kept constant throughout. However, the 

study of the sign change of in ternary alloy systens have 

been done in a more comprehensive manner. Though a systematic 

study was made about the sign change of X„ in ternary 

s 

(55 55 ^) 

Ni-Pe-Cr/V^ ’ ^ alloys long back, the corresponding data 

for R„ are completely lacking. So it was felt worth-while to 

o 

establish the line experinentally for these two ternary 

systems. Other than providing new informations regarding B , 
it would also have given a serious test to the S.B. model. 

These two systems, particularly Hi-Pe-Cr appeared all the more 
interesting because of the already existing magnetization 



. Thoir data show appreciable 


data by Ilenshikov et 
noa— linearity in a (average number of Bohr magneton/atom) vs. 
concentration curves. But in the S.B. model, inherent is the 
assumption that the number of holes/electrons contributed by 
one atom of Cr/V/Pe is a constant and is independent of concen- 
tration, implying a linear relationship between /a and concen- 
tration, So the non-linearity in ,a vs. concentiation curves 
raised some doubt about the applicability of the S.B. model 
to this system. 

As it iiappens more often than not in a scientific 
investigation, starting with a limited aim, the field of 
interest broadens out with the subseq,uent progress of the 
work. Ours ms no exception to this. In the beginning, 
magnetic measurements were carried out to find M , the satur^ 

o 

ation magnetization, to comple nent the Hall effect data. This 
wrill be clear if one recalls that, the Hall effect measurements 
supply only. Subsequent analysis of our magnetization 

o o 

data revealed that at low temperatures, other than spin- wave 
also 

excitations^ contributed to the decrease in magnetization ard 
this extra contribution appeared to be coming from Stoner 
single- particle excitations corresponding to that of an itinerant 
weak ferromagnet. This naturally led to the study of paramagnetic 
susceptibility of a few alloys and derivation of the average 
number of Bohr nagnetons per atom from the Curie- constant. A 
comparison of the above parameter, obtained from the suscep- 
tibility data and the one from the low temperature saturation 
magnetization measurements can give additional informtion 
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regarding the itinerant or localised character of the d-electrons 
Also there are other criteria that a -weak itinerant ferromagnet 
should satisfy and our investigation progressed accordingly. 
Details about this can be found in section 3.5. To summarise, 
data from magnetization measurements telped us to understand the 
band structure and hence the sign change of E„ in these alloys 

o 

in a better manner. 


(62) 



Chapter II 


iSxperimeatal Procedure 

In this chapter we will discuss briefly the experimental 
methods used in general, with proper emphasis on the special 
techniques in-volved, if any. We begin with sample preparation 
and characterizations, followed by measurenents of magnetization, 
electrical resistiTity and the extra-ordinary Hall effect. 

2. 1 Sample Preparation 

About a dozen samples of both the ternary alloy series 
(Hi-He-Cr and Ni-I'e-V) were prepared by induction melting of 
required amount of constituent elements of "specpure" grade 
(5H purity), obtained from Johnson-Mathey, Inc. (Sagland). The 
pure metals were in the form of rods fop Hi and Pe and in the 
form of beads for Or and Y, Desired amount of metals (typically 
around 10 gms) were cut, cleaned with organic reagents and 
V signed carefully. Except for sample numbers 9,24 and 29 in the 
Li-Pe-Or series and 18,19,20 and 30 in the Hi— Pe-Y series, ii^ich 
w:jre obtained from A. Sinha, the rest were prepared by us. 

She meltings wore performed in a water-cooled coil- type 
induction furnace, with a maximum power of 7 KW fed by a 
"Ajax Iviagne thermic converter” which con-yerts line curirent of 
50 c/s to one of 20 to 40 Kc/s (depending on power* consumption). 
Samples wore placed in a high quality alumina ■ crucible vrfiich 
in turn was placed in a graphite susceptor and the whole thing in 
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a ■vacuuD>- sealed quartz tube of 100 mm, diameter. The sample 

-3 

zone "was evacuated to 10 Torr, repeatedly flushed with high 
purity argon gas, evacuated and finally filled with argon at 
less than atmospheric pressure. In the subsequent heating 
process, temperatU3?e was monitored by an optical pyrometer. 

After completion of melting, power was switched off to allow 
tne melt to cool-down in the furnace . Small pieces were cut 
from the top and bottom of the ingot thus obtained, and their 
Curie temperatu3:^es were determined separately to giTe an idea 
about the homogeneity of the samples. Usually for a good melt 
the two values differed by a few degrees only. 

For further homogenization, the samples were put in a 
quartz capsule, evacuated, repeatedly flushed with argon gas and 
finally sealed with a partial pressure of argon gas (a few mm.) 
inside. These capsules were kept in a furnace at around 1150°G 
for 48 hrs. and then quenched in water. This water-quenching 
is necessary to retain the high- temperature random substitutional 
disorder in the poly crystalline samples and to prevent any 
possible clustering. These cylindrical samples were swaged, 
cold rolled end cut into various shapes (cylindrical for magnetic 
measurements and in the form of rectangular strips for transport 
property measurements) and sizes. Finally to remove the strains 
introduced in the various cold-working processes, they were 
annealed at S00°G for 24 hrs. under argon atmosphere (a few mm) 
and wa t e r- quenche d . 

To check the actual composition of the alloys, spectro- 
metric analysis were performed with the help of a model 751 
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Atomic Absorption Spectrophotometer (Instrumental Lab. Inc. , USA) . 

Tor this, the samples were dissolved in concentrated HNO^ for 
analysis of Cr/V and in concentrated HCl for Fe, diluted to ppm. 
ranges (<5ug/ml. for Fa and Gr and <75/LLg/ml for Y), sprayed by an 
atomiser in the oxidizing flame of 

absQ rptivities were measured. This could be compared against a 
calibration curve (which is linear in the specified ranges) 
drawa earlier using standard solutions of known concentrations. 

The accuracy of this method is within about Mo of the actual 
concentrations. In some cases, the composition of two different 
pieces of the same sample were determined and were found to be 
within the accuracy of our measusiement. This further ensures the 
homogeneity of the samples, at least in the macroscopic scale. 

Also chemical analysis was done for some of the samples and the 
results were found to be consistent with the spectroscopically 
determined values. 

The actual compositions were found not to differ much from 
the nominal compositions except that the Ui-Fe-Gr alloys were 
found, in general, to be poorer in Or content and the curre spending 
vanadium alloys to be slightly richer in vanadium. The higher 
temperature and longer melting time required for the latter type 
of alloys probably led to the evaporation of some Hi and Fe, 
resulting in an alloy, richer in vanadium content. Taking all 
possible factors into consideration, we claim that the compo- 
sitions presented for our alloys are correct to within 6 to 7 
percent of the given compositions of the minor constituents. 



A few samples were also selected at random for X-ray 
powder diffraction analysis, using an aatonatic scanning 
General Electric X-ray diffractometer (XED-6) with Cu-K^ 
ladiation as the source. All the samples investigated showed 
f.c.c. structure with little variation of lattice parameter with 
composition (3.52 to 3.56°A). Addition of Or in Ni-Pe influences 
the lattice parameter in a manner similar to those of V. 

2. 2 Measurement of Magnetic Properties 

All isagnetic measurements were carried out with a Princeton 
Applied Research Inc. (USA), model 155 vibrating sample magneto- 
meter (VSM), By using a model 153 variable temperature cryostat 
in conjunction with the YSM, measurements were made from 77 to 
300K. The high temperature measurements in the range of 300K 
to 105011 were carried out, using a model 151 high- temperature 
oven-assembly in place of the cryostat. The magnetic field with 
a maximum of ISKOe was provided by a 15- inch Varlan electro- 
magnet with a 2.5 inch pole gap. 

The VSM gives directly the magnetic moment of the sample 
in a 3-digit digital display. But using the null-method, 
which provides four ten— step potentiometers to annuli the signal 
voltage (proportional to the magnetic moment of the sample), 

moments Ci^uld be read up to four digits. By a suitable choice of 

4 

sample mass, changes in moment of 1 part in 10 can be detected 
under ideal conditions (i.e. with minimum fluctuations). But 

4 

in practice, the accuracy was limited to about 2 parts in 10 , 

The apparatus 'was always calibrated against a standard Fi-sample 



of known moment, before any measurement. 

The high temperature overt-assembly ms provided with 
a 20W bifilar-TOund heater which could be energised by a constant 
current power supply. By suitably controlling the heater current, 
the sample zone temperature could be raised, lowered or held 
constant. The sample temperature could be read by a chromel- 
alumel thermo-couple, attached near the sample and could be 
neld steady within 0.5K, if desired. For low temperature measure- 
ments, the cryostat was equipped with a gallium- arsenide diode 
as well as a copper-oenstantan thermo-couple. Since our 
measurements were limited to 77K and above and the Ga— As sensor 
>’as slightly away from the sample, to avoid any possible temper- 
ature lag between the actual sample temperature and the neasured 
one, thermo-couple read remperatures were preferred. This 
temperature could be easily read within 0.5K at lower temperetures 
and with slightly better accuracy at higher temperatuires. A 
novel feature of the cryostat is that the sample zone is connected 
to the liquid-zone only through a fine capillary, which could be 
closed or opened from outside. This allows one to easixy remove 
or insert the sample during the experiment. It should, however, 
be mentioned that because of using the cryostat (\daich was 
basically desired for use with liOLuid helium) with liquid 
nitrogen, some problems cropped up. Because of the bubbling 
of liquid nitrogen, some fluctuations were observed in magnetic 
moment measurements near 77K. However, this disappeared immedi- 
ately T/^en all liquid nitrogen in the sample cbamber evaporated 
out and measurements above about 85K were perfectly in order. 
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2.3 Measurement of Hraasport Properties: Besiga Fabrication 
of the Cryostat 

A cryostat ms designed for the measurement of rests tirity 
and Hall effect in tne temperature range of 77 to 473K. It is 
a simple arrangenBnt generally used for low temperature transport 
property measurements, except for the sample holder, A schematic 
diagram of the cryostat is shown in figure 2.1. Essentially it 
coosists of two concentric cylindrical chambers with proper 
arrangements to maintain mcuum/inert gas atmosphere at a partial 
pressure inside. In the innermost chamber, the sample holder is 
connected at the end of a non— magnetic thin mlled stainless 
steal tube (length ^47 cm.) of 1.2 cm. O.D., through a threaded 
brass connector. The other end of this tube is soldered at the 
centre of the top flange of the ciyostat and extended further 
b*y a copper tube. Through a side tube connected to this top 
part, the sample chamber can be evacuated or kept at a partial 
pressure of some inert gas (argoo/heliura) . A little amount of 
exchange gas helps attaining thermal equilibrium quickly. As 
shown in the figure, all the electrical leads are fed through 
the inner stainless steel tube and ultimately come out through 
a low melting point vacuum seal made by OBNCO, U.S.A. 

The sample chamber is surrounded by another non-magnetic 
thin walled stainless steel (S.S.) tube of 2.2 cm. O.D. and 
is connected to the inner tube through a brass flange and 
0-ring joinTi, A 40 Q Kanthal heater is wound uniformly and 
non-inductively on the outer stainless steel tube and is 
electrically insulated by a thin layer of teflon tape wound 





around it. The 0-ring joint lies sufficiently far away from 
the heater to prevent any damage to the O-ring, even when the 
heater is energised. Poor thermal conductivity and thinness 
of the stainless steel tube help meeting this end. This kind 
of two chamber arrangement allows one to keep sufficient amount 
of excnange gas in the sample chamber without disturbing the 
vacuum in the outer chamber. The heater is energised through 
22 gauge copper wires, coming out from the top flange of the 
cryostat through glass-metal seals. A number of 'teflon spacers 
were used to isolate the outer stainless steel tube from the 
sample holder. 

The outermost tube is of copper of 4-15 cm, O.D. and 
about 57.5 cm, in length. The inner assembly, consisting of 
the sample chamber and the heater is placed inside this copper 
tube and fixed with brass nuts and 0-ring joint. The outer 

_3 

chamber can bo evacuated to less than 10 Torr th 2 X)Ugh a side 
tube near the top, to thermally isolate the heater. The ciyostat 
is immersed in a liquid nitrogen dewar (not shown in the figure) 
of proper size and can slide nicely into the 6,25 cm, pole 
gap of a 1 5-- inch Yarian electro- magnet. 

2.3.1 Sample Holder 

Since the Plall voltage 'in a metal, even in a noderately 
high uagnetic field is small range), special attention was 

given in designing the sample holder to minimise the influence 
ox other associated voltages. In a normal four- probe d.c. 
method, the following problems arise when soldered contacts are 
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used; 

i) A large resistive voltage comes into play due to 
the mis-aligameut of the voltage prebes. In the presence 

of a magnetic field, further contribution comes from magneto- 
resistance, Though these effects can be eliminated by reversing 
both the magnetic field and current directions, the large 
resisxive veltage seriously affects the resolution of the 
measurement, unless special arrangement is made to suppress 
the resistive part of the voltage. 

ii) The use of solder material disturbs the current 
distribution in the sample and secondly changes the mean width 
of the sample because of the finite width of the solder itself. 
Since calculation of Hall resistivity involves the thiclmess of 
the sample, the calculations could be erroneous unless the 
thickness of the solder is known. This can be minimised only 
by using samples of special geometry (for deteils, see 
reference (7), p.188). 

To avoid the above mentioned problems, we used pressure 
contacts instead of usual soldered ones. A sectional view of 
the sample holder is shown in figure 2,2. Hor low temperature 
measurements, the sample holder was made of plastic reinforced 
fibre glass, a special material developed in I.I.T. , Kanpur. 

The choice of this material is due to its temperature coefficient 
of expansion being comparable to those of metals, which helps 
retaining the pressure contacts even at low temperatures. 

However, above about 373K this material cannot be used. So for 




Fig. 2.2 
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measure Dieats above room temperature (upto 473^0 a sample holder 
made of teflca was fabricsated. The sample was held firmly in 
place by two copper (pure) elbows, connected to the sample 
holder by 1/16" brass nuts. These nuts also provided the 
binding posts for the current leads (22 gauge copper wires). 

Thus, other than fixing the sample, the elbows provided an 
extended current contact tc- the sample and hence ensured uniform 
current distribution along its length. The samples were 
typically of 28x5x0.5 mm. dimension. Such a dinension is 
necessary as it is well-known^ ^ that for length/ width ratio 
less than 5, a part of the Kail voltage gets shorted out through 
the current electrodes. The voltage leads were very fine 
(to provide minimum area of contact and thus causing minirmm 
disturbance to the current distribution) copper wires (42 gauge), 
held firmly to the sample by rectangular plastic re- info reed 
fibre glass blocks, tightened by two 1/16” nuts, as shown in 
the figure. Before tightening the screws the wires were 
manually positioned, with respect to the sample, such that the 
resisti-ve voltage was minimal (typically 1-2h V). Such an 
arrangement considerably simplifies the voltage measuring 
Circuitry, A copper- eons tan tan thermo-couple held between 
one of the copper elbows and the sample provided the sample 
temperature. Actual contact with the sample eliminated the 
possibility of any lag between the sample temperature and 
the measured one. 

In a d.c, measurement. Hall voltage is always associated 
with those arising from STemst-Ettinghausen and Righi— Leduc 
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(7) 

effects . To eliminate these, sufficient amount of exchange gas 
■'..’as kept in the sample chamber and all the connecting leads 
coming to the sample -were -wiapped around a binding post. This 
prevented any longitudinal heat-flo'w and hence any coixe spending 
trans-verse temperature gradient or trans-verse voltage arising 
respectively from Righi-leduc or Uemst effects. But no 
precaution ivas -feaken to eliminate the transverse voltage arising 
from PJttinghausen effect, since the contribution of this is 
relatively small. 

The same sample holder was also used for resisti-vity 
measurements. The separation of the voltage leads "was measured 
by a cathetometer- telescope arrangement. 

2.3.2 Circuit Diagram and Procedure 

In Bigure 2.3 is shown the schematic circuit diagram 

used for Kali -vol-tage measurements. The current -was supplied 

by a Hewlett Packard constant current power supply (model 

6114A), through a commu-fcator C.^. Topically 0.5 to 1 ampere 

-was passed through the sample which could be measured by the 

voltage drop across a standaid resistance (1 ohm), connec-fced 

in series with the sample. Change in current, if any, was less 

4 

than 1 part in 10 during the measurenents. Corresponding 
Hall voltages -were measured directly by a model 148 nano-volt- 
meter (Keithley Instruments Inc., U.S.A.). Since in our 
pressure con-fcact arrangement, the resistive and thermal 
voltages were sm.all (a few juV only), no additional accessories 






(like k-3 potentiometer, etc, ) were required to suppress those 
voltages to resolve the small Hall voltage (typically 10 to 
2 O 11 Y in the highest field for our samples). Even then, to 
achieve better resolution, a 10-tum helipot was attached to 
the zero suppressor of the nano voltmeter. By suppressing 
the voltages with this zero suppressor, incremental changes in 
voltage due to incremental magnetic fields were recorded. The 
sample tempeiature could be "varied or held constant by controlling 
the heater current and the corresponding thermo-couple output, 
fed to a model 179 Keithley digital multimeter, gave the sample 
temperature. 

Since the Hall voltage is very small, special precautions 
were taken to minimise fluctuations. All the electrical leads 
coming out of the cryostat were properly shielded to protect 
against external pick-ups and all the accessories were properly 
grounded. Any movement of the sample in the presence of high 
magnetic fields could also contribute to large fluctuations. 

But in our case since the sasaple was firmly set against the 
sample holder, this problem did not arise. With all these 
precautions, a noise level of less than +10 nano-volts could 
be achieved even under the worst possible circumstances. To 
ensure that the sample stands exactly perpendicular to the 
magnetic field, after suppressing the resistive voltage the 
whole cryostat was rotated about the vertical axis in the 
presence of a moderately high magnetic field ( ‘^ a few kG), 
until a maximum in the incremental voltage was recorded. 


To assess the performance of the ciyostat, the following 
checks were performed: 

i) Repeated measurements of the same sample at room 
temperature and at 77K at different times gave reproducible 
results within our experimental accuracy. 

ii) Measurements were carried out on a pure Ni sample 
at room temperature and the -values found were of the right 
order of magni-feide (exact quantitatire comparisons were not 
possible as the -values strongly depend on the sample purity). 

iii) To ensure that the heater windings were truly 
non-inductive, search was mads to detect any change in the 
measured voltage as the heater current was switched on, 

iv) Calibration of all the measuring instruments were 
checked with the help of a K— 3 potentiometer. 

finally to extract the Hall -voltage from the other 
associated -voltages (e-.g. resisti-ve, thermal, etc.), -vol-fcages 
were measured at each magnetic field by re-versing both the 
current and field directions and -taking their average wi-th 
proper regard to their signs. The method of ex-hracting the 
extra-ordinary part from the normal one has already been 
discussed in Section 1, 

The same circuitiy -was used for resisti-vi-ty measure- 
ments except that the nano- voltmeter was replaced by a model 
174 digital -voltmeter (Keithley Instruments Inc., U.S.A.), 
capable of measuring down to 0.1 p.v. This pro-vided sufficient 
accuracy for our present purpose. 


Chapter III 


Magnetic Properties 

In this chapter the magnetic properties of the tvio alloy 
systems (Ni-Fe-Cr and Ni— Fe-V) are presented and an attempt has 
been made to interpret them qualitatively and wherever possible, 
quantitatively. The experimentally measured quantities are 
(a) Curie temperature T , (b) Magnetization at 77K and above, 
and (c) paramagietic susceptibility. Ihe low temperature 
magnetization data have been analysed in the light of the spin- 
wave theory and various parameters, like spin- wave stiffness 
constant D, the mean magnetic moment per atom /T has been 
extracted from it, M has also been calculated from the Curie- 
Weiss constant derived from paramagnetic susceptibility and the 

large ratio of (H) temperature’ 

been explained in the framework of itinerant 'weak* feinx>- 

magnetiam. 

3.1 Curie Temperature T 

The magnetization vs. temperature curve, measured in the 
small residual field (<->30 Oe) of the magnet, enabled us to 
determine T^, From the slope - ~ vs. T curves, as shown 
in Figure 3.1, one can easily find T^. A small but systenatic 
difference in the value of T determined from heating and cooling 
data was observed duo to a tenqjerature lag between the sample and 
the temperature sensor. So the mean of the two values ms taken. 



iM/dT (arbitrary unit) 





la Table 3.1A, the T^ values for various compos it io as of 
iJi-'S'e-Or alloys are pireseated; Table 3. 1B preseats those of 
Ai-Pe-V, Several -pieces, takea from differeat parts of the 
melt, were used for measuremeat aod their meaa value is givea 
in the tables. The error bars iaclude this factor along with 
the experimental errors. Thus in a crude way, they provide a 
good idea about the hoiMgeaeity of the samples. 

It can be easily seen from our data that even though in 

a aon-linear fashion, addition of Be enhances the T by approxi- 

ib 

mately 10K/at,^4 of Be and suppresses^by about 25-30K/at.^ of 
Cr/V. This is consistent with the earlier data of Menshikov 
et.al.*'^^'^ on Ni-Be-Or alloys. Though the critical composition 
for the disappearance of ferromagnetism is only 13 at.>t of Or 
for binary alloys and about 11.5 at.% of V for 

alloys, from Tables 3.1 A and 3. IB it is clear that :n 

teptia-vj 

the corresponding ^systems ferromagnetism is retained even up to 
much higher concentrations of Cr/Y. This is because in binary 
hi- Or and Ni-¥ alloys ferromagnetism disappear when the Bermi 
level (Ejp) crosses the top of the Ni spin-down band. But in 
the presence of Be, a new 3d Be- spin-down band appears above 
the corresponding STi sub-band, as i^s already been discussed in 
Chapter I (Section 1.2.1) in the context of S.B. model. So in 
the ternary systems disappearance of ferromagnetism should 
coincide wi-^h Bg, crossing the top of the Be- spin-down band. 

This additional number of 5d magnetic states due to Be are 
responsible for retaining ferromagnetism even at concentratitons 





Table 3»1A ; Curie Temperature for -various ^i-Fe-Cr Alloys 


Sample 

1'JO « 

t ! 

1 Composition of i 
' Ni— T’e-Cr alloysi' 
__ _ (at,fi>) ; 

To (K) 

42 

78-6-16 

185+5 

50 

72-8-20 

93+3 

9 

85.5-11-3.5 

620+3 

24 

81-11-8 

470+4 

40 

73.5-11.5-15 

260+5 

29 

75. 1-12.8-12. 1 

365+3 

48 

70-12-18 

179±2 

34 

72.5-13.7-13.8 

315+7 

26 • 

80-16-4 

693±3 

28 

75-17-8 

543±3 

33 

68.1-17.4-14.5 

320+6 

35 

76.8-21.2-2 

778+4 

27 

75.5-20,3-4.2 

717+3 

51 

67-21-12 

470+2 

32 

69.6-22.8-7.6 

635+5 


gable 3.1B ; 


Curie 'lemperature for -various ili-Fe-V Alloys 


Sample 

No. 

5 

1 I 

1 Composition of 

5 Ni-Fe-Y alloys ! 

.. 1 (at./») 

T^'(K) 

49 

78-4- 18 

90+4 

46 

82.5-7.5-10 

362+3 

45 

76.8-7.2-16 

167+5 

19 

83-10-7 

486+2 

20 

80.5-10.5 -9 

417±3 

18 

85-11-4 

609+5 

39 

77.4-11.9-10.7 

593±1 

37 

80.9-14-5. 1 

640+4 

38 


462+1 

36 

81-17-2 

746+3 

30 

79.4-17-3.6 

691+2 

31 

74-22-4 

741+3 



(G 2 >-V) much higher than in the oorre spending binaiy systems. 


3.2 Magne tization 

Before presenting the results of magnetization measure- 
ments, it seems relevant to spell out the motivations behind any 
such measurements. As discussed earlier in Section 1.3, a 

knowledge of M_ is necessary to extract R from the Hall effect 
s s 

measurement data. On the other hand, the change in composition 
of the alloys results in i) a shift of the Permi level with 
respect to the Hi-spin— down band due to which R changes in 
magnitude (and sign), and ii) a change in the total number of 
elect lons/holes in the band, thereby changing the spontaneous 
magnetization at OK. Thus evaluation of magnetization at OK, 
is expected to shed some light on the problem of sign change of 
R„. With such ideas in mind was measured at 77K and above 
for a number of alloys of both the teinaiy systems- 

It is well knowa that change in M at low tempera turetj 

o 

occurs through two mechanismst a) collective excitations or 
generation of spin- waves, b) single particle or Stoner excita- 
tions. In our case it was found that the magnetization data 
above 77Iv could be very well explained on the basis of the 
spin- wave theory, at least for the alloys with hi^er 
(> 500K). Since in our present experimental facility, ireasure- 
ments could not be extended below 77K, only a few alloys with 
sufficiently, high were chosen for rigorous spin-wave analysis. 
In the next few sections the data for such analysis are 



piresented and discussed. 


3.2.1 Sp^in-'wa-ye O?heory 

It is well known^^^^ that the specific magnetizat ton 
<7(H,T )(emu/g) as a function of tenipe3:ature T(K) and field 
K(Oe) can be given by 

2.6l2gu.T5 X 

o(H,!I') =0(0,0) _S!:S(^)3/2 z(|, (3.1) 


where g is the Lande splitting factor, is the Bohr magneton, 

P is the density, k^ is the Boltzcann constant, D is the 

spin-wave stiffness constant, T = ^ is the spin-wave 

m S 

gap temperature and Z(^> •^) is a Bose-Sinstein integral which 
can be expanded in powers of ^g/^* ^^ae correction term arises, 
because in the presence of an effective internal field %nt, 
an energy gap of value in the spin-wave 

dispersion relation given by 


j ( 1 ) — 


■^int. 


Hh D 4- 51Q. + 


( 3 . 2 ) 


H. . 
int. 


is given by 


H 

"in'C. 


= H 


appl. 


Hjj + + 


H. 


¥ 


( 3 . 3 ) 


where H is the external magnetic field, Hj. is the demagne- 

tizing field, is the anisotropy field, and the lorentizian 

field or the spin- wave demagnetizing field. Basically the 

o 

q term in the spin-wave dispersion relation gives rise to the 
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term in 3qn.(3.1) and the hi^er order q or the anharnK)n.ic 

5/2 

rerra to a T contribution. Thus 3qn.(3.l) can be written as 




a(0,0) 


'( 0 , 0 ) 


■2’ T' 


5 

wrere 3(-^, is another correction term due to T 




2.612 Si-ig 


<^(0,0)p 


(3.4) 


(3.5) 


B 2 
— < r > 


1 . 948D 


(3.6) 


with < r>as the mean square range of the exchange interactioa. 

•Since D itself is temperature dependent, some additional 
higher order terms may also come in, depending on the relation- 
ship between D and the temperature T. According to the localized 

0^0 ( ^^ > "^0 ) ^-p "n-iT-o/in cawl /^+V>:ai'V3 C‘'h 1 ni.T ■hOTn'nfiT“:(+.nT’PC! Tn« cm r>M— 


of Dyson and others, at low temper-itures magnon- 


magnon interactions can giwe rise to a leading T ^ term in D 

in the long wawe-length limit. On the other hand, itinerant 

mod els of Izuyama et al, and others predict a term 

2 

due to magnon-nagnon interaction and a T term due to the 
interaction beaween spin- waves and thermally excited itinerant 
electrons. Thus at the low temperature Inait, 


D = Dq (1 - D^T - 


(3.7) 


Inelastic long m-ve-length neutron scattering experiments on 
have shown the presence of both the terms, but with Dg 



indicate the 


negative. VJhereas experiments on 

2 

presence of a single term, the 1 one. Magnetization measure— 

(76 'i 

ments of Hi also support this result. Thus substitution of 
Sqn.(3.7) in (3.4) gives 


AO (H.T ) 

o{0,0) 


a 




(3.8) 


where 

a = a' (D = Dq) 


A binomial expansion of the terms in the bracket geneiates a 
7/2 4 

T ^ term and a T term. To summarise, in addition to the 

3/2 5/2 

T ' term one can have (i) a term in the presence of an 

anharmonic term (q^) in the spin-vsve dispersion relation 
7/2 4 

and (ii) a T ' term and/or a T term, depending on the temper- 
ature dependence of D. 


3 . 2.2 Low Temperature Magnetization data for Hi-fe-Gr Alloys 

Magnetization as a function of temperature was measured 
for a number of alloys at a fixed magnetic field (7—8 kOe) 
and least squares fits of the data to Eq.n.(3.8) were tried 
using various combinations of the unknown parameters, taking 
three at a time. These were i) n(o,0), n and p , ii) <^(0,0), 


cc . and co-efficient of term, iii) n(0,0),n . and 

co-efficient of T^ term (r), iv) cr(o,0) and n only. The 




Since 


using the expressions given by Argyle et.al/"^^^, 
magne to-ciystalline anisotropy is not knowi for these alloys 
(■which is supposed to be small in our case since H^pp]_ is 
small) ja'iid there -was some uncertainty in calculating the 
demagnetizing field, exact •value of 1 could not be calculated. 
To circumvent this difficulty, T -was itself taken as a -variable 

o 

parameter and the T -value that ga-ve the best fit -was taken. 

o 

In Table 3.2 are gi-ven the results of such analysis for one of 

our samples. The standard deviation (SD) of the least squares 

fits are also included and the -valijBs of the various parameters 

are given along with their s-tatistical uncertaint jes. It is 

amply clear from Table 3.2 that inclusion of higgler order 

3/2 

terms, other than T is essential. The minimum SD could be 

7/2 4 

achieved when a T ' (or T ) term is included along with the 
T^^^ term. A better fit -with a (or T^) teim rather than 

5/2 

a T term clearly indicates thax the de-viation from the 

T^-^^-law comes mainly through the -temperature dependence of 

the spin-wa-ve stiffness constant rather than the anharmonicity 

term in the spin-wave dispersion relation (Sqn.(5.2)), An 

7 /2 4 

attempt to include both the T (or T ) term and a possible 
T^'^^ term along -with the usual co-efficients ^ (0>0) and a 
proved to be futile as it led to an unphysical situation 
where the co-efficients of soob of the hi^er order terms 
turned out to be positi-ve. This could be partly because, the 
inclusion of so many parameters denanded more from our 
experimental da-fca than what its limited accuracy could permit. 
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It seems that even if it exists, the term plays only a 

minor role compared to the (or terei. Shis is consist 

tent with the inelastic neutron scattering studies in Ni-Fe-Cr 
alloys by Ilenshihov et al.^^'^^, where they have not reported 
the presence of any teim higher than quadratic in the spin- 
wave dispersion relation. But the presence of such a term in 
binaiy Jfi-Fe alloys detected from nagnetization^'^®’'^^^ as well 
as from neutron scattering'"^^^ measurements, suggests that 
probablj^ the addition of Gr in Fi-Fe alloys suppresses the 
anharmonic term. 

Similar analysis was carried out for all the alloys 

studied, and it was found that a term along with a 

(or T^) term gave the best possible fit to our experimental 

7/2 4 

data. A distinction between a T ' and a T teim could not 
be made since both of them gave equally good fit. However, 
recent mag^netization studies^ ^ and also neutron scattering 
measurements^®^ ’ reveal that D<= in the Fi— rich region 

of binaiy Hi— Fe alloys. Guided by these data it seemed 

A 

logical to accept I teim as the next higher order term instead 
of a term in these Hi— ilch ternary alloys- 

In Figures ?.2 and 3.3 are shown the change in reduced 

3/2 

magnetization ( Aa(H,!r)/0(O,O)) against (corrected for 

the gap temperature), specially to show the effect of increasing 
Cr concentration. The necessity of a higher order term 
(other than is quite obvious from the deviation of 

experimental data from the expected straight line behaviour. 



Acr(H T)/or{0 0) 


\ 


• 24 (Ni0^Fei'|Crgi 

A 26(NigQFe^0Cr4 
A 28 {NiygFe^yCrg 

Field • 8 kOe 





Another inceresting point is the gradual increase of the 
temperature rauge (in the reduced scale of wnere 

, 3/ 2 , ^ 

the T - la-vj holds good, with increasing Or -concentration. 

Also, noteworthy is the diminishing importance of higher 
oraer terms, as can be seen from the smaller deviation of 
experiraental data points from the straight lines with gradual 
addition of Or. 

In ligure 3.4 are shown the change in the reduced 
magnetization as a function of reduced temperature (T/l ). 

The solid curves are the best fits with o (o,0),a , and r 
(co-efficient of t"^ term) as the adjustable parameters. 

Since spin- -wave theory is basically applicable to low temper- 
ature regions only, the data points above 0. 5 T were always 
om.itted for the analysis. All the magnetization measurements 
were carried out in a constant applied field of 8 KOe as 
pointed out in the figures. In Table 3.3 are shown the 
values of '^(C,0),cc and ^ for the best fits to our experi- 
mental data. The spin- wave stiffness constants, and Dg, 
derived from the co-efficients a and r are also presented 
along with the neutron scattering based •values of by Menshikov 
et Unfortunately, the corresponding neutron scatter- 
ing data for Lg absent in the literature. In the calcu- 
lations for our the g values were taken to be 2 and the 

deasi-ty P were calculated using the lattice parameter data 
of Menshikov et Their measurements show that in 

TTi_Pe-Cr system, the lattice parameter increases by about 1% 
from the corresponding value of pure Ni when the impuri-ty 





9(Nig5 5Fe^^Cr3 5) 

28 (NiygFe-j^Cr g) 

24{NigiFei'iCrg) 

32(Ni0g gFe22.8^''7.6^ 

51 ( Nig7Fe2lCr^2^ 

Field ■■ 8 kOe 

— Least squares fit (SW) 


conceiitraxioa (Pe + Or) reaches arouiid 30 at.?:- aad is rather 
-ir^seasitive to the impurity type (le or Or). Addition of Or 
only shox-jga small decrease in lattice parameter. We claim 
that the uncertainty in the values of p , thus calculated, 
is within 1;'^, Actual measurement of density for a few alloys 
support this claim. IfeutTOU scatteitLng values of for the 
alloys with 8 at.?S of Or were directly obtained from the data 
of Menshikov et al.^^^^ and those of the rest were estinated 
from the data of nearest available compositions. The following 
points emerge from the results shown in Table 3-3 j 

i) Though spin wave theoiy can very well account for 
the change in magnetization with tempemture over a fairly wide 
range of temperature (see figure 3.4), the values determined 
from magnetization measurements are always less than the 
corresponding neutron scattering values; at least for the alloys 
studied. 

ii) Tliough in disagreement with neutron scattering result 
our magnetic measurement based values for essentially show 
the same kind of compositional dependence, for the alloys 
with fixed Or concentrat ion, after showing an initial increase, 
falls off with increasing concentration of fe. But with 
the addition of continuously falls off at a much faster 

rate. 

This finds a suitable explanation in the observation of 
Menshikov et al.^^^^ that OreCr interaction is antiferro- 
magnetic and strongest («- 227 meY) among all the pair intere 
actions in Ni-fe-Cr alloys, fe-fe interaction is also 
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■values directly read from Figure 3 of Reference (64) 





aiiijiferro magnetic, but much weaker (^7 meV) in. strength so 
that i cs effect can play a major role only when Fe concen- 
tration is relatively high; all other pair interactions are 
ferromagnetic in nature. Thus, addition of even a few 
percents of Or could reduce the effective exctenge interaction 
by a considerable artount and thereby reduce 

iii) As Or is added, a increases much faster than y . 

3/2 

This implies that the T ^ -law should hold good over a larger 

range of temperature (in the scale of T/T.) for the alloys 

richer in Or. This is exactly what we can see from Figures 3.2 

and 3.3. Actually this is one of the reasons why spin-wave 

analysis is meaningful even with the data above 77K for this 

alloy system, large values of 0 : also make the measurements 

easier. It is also important to mention that this kind of 

3/2 

validity of the T -law over a large temperature range 
(even up to T/T,i;^0,5) have also been found in amorphous 
ferromagnets^^^ ^ . 

iv) Though the absolute values of slightly 

uncertain, they show a systematic trend of falling with 
increasing Or concentration. This is similar to the behaviour 
found in Ili-Fe alloys where D 2 decreases with increasing 
Fe concentration^'^®’®'^’°^^. But the rate of decrease with 
the addition of Gr in our case, is much faster than those found 
due to the addition of Fe in binary Ni-Fe alloys. 

One might wonder whether the discrepancy in the 1^ 
values obtained from the magnetization and neutron scattering 



experimentis is a result; of using data above 77K ( 1(111011 is 
more than 0,1 for all the alloys studied) only for our 
analysis. To check this point, ve reanalysed some of the raw 
magnetization data of Majumdar et on metallic glasses 

(Ee-B^C). The reasons behind choosing their data weie 
two- fold; a)a;S:T for some of their systems were of nearly 
the same magnitude as those for our alloys, b) the data were 
readily available. Basically what was done is the following, 
a was calculated using data, i) from 10K to 180K 0.3 T„)j 

and ii) from 80K to 180K. It was found that the values of 
in the two cases differed by not more than 4% and hence the 
values of D^, thus calculated, could only differ by about 2,5?5 
(since a Thus we estimate that the effect of not 

including data below 77k on D^, could not be more than 3 % and 
perhaps even less for the alloys with higher T . In fact, 
our error bars given for in Table 3.3^ include this factor 
along with the contribution from other sources. Thus it is 
clear in the light of the above discussions, that the observed 
discrepancy between the two values of is a real one rather 
than just an artifact of the exper jiments. 

Such a difference anscng magnetization^'^^ \ , 

and neutron scattering^ ^ based values for have also 
been observed in pure Hi. But in the case of Be, values 
determined from various type of experiments seem to be in 
complete agreement^ Among the crystalline alloys, 

show such anomaly. Whereas in amorphous ferro- 
magnets^^^\ it seems to be a rule rather than an exception. 



Since neuiron scatiering measuremsnts provide a direci: method 
of measuring D, one should accept the neutron scattering based 
values as the real ones, rather than those obtained from bulk 
magnetization measurements. Thus in our case magnetiz&tion 
measurements show that the low temperature magnetization 
decreases faster than what one should expect from spin-wave 
excitations only. This probably indicates the existence of 
other excitations. Aldred^'^^\ in connection with Ni, has 
shown that Stoner’s single particle excitations could account 
for this additional term. Following the same methodology we 
have tried to explain the above discrepancy in our case, as 
will be shown in the following section. 

3,2.3 Stoner Excitation 

After the classic paper by Stoner on itinerant electron 

ferromagnetism, numerous workers^ have enriched and 

developed this new approach of band or itinerant electron 

ferromagnetism. The basic idea behind this model is that the 

magnetic electrons, which are itinerant in character, are split 

into spin— up and spin— down bands, separated by the exchange 

interaction energy. This splitting is assumed to be proportional 

to the spontaneous magnetization and, in the low temperature 

range, the decrease in magnetization with temperature is a 

result of the excitation of electrons from this spin-up to 

( 91 ) 

spin-down states. Wohlfarth et al,^^ have shown that 
depending on whether the magnetization is due to the electrons 
(holes) from a single spin band or from both, the temperature 



depsudeuce of n^agnetization. to. 11 be different. Eor stiroug 
(i.e. when one sub- band is completely full) itineiant 
ferro magnets, the relatiye change of magnetization due to 
single particle or Stoner excitation only, is given by 


(T) 

^"o(0) ^SP " 


2I(T) 
n ® 


(3.9) 


•where 3 /k2®> > is the number of holes per atom in the 

spin-down bandj and S is the enersr gap between the top of 
the full sub- band and the Permi level Ej, and 1(1) is an 
integral related to the density of states of the material. 
Under the assumption of a parabolic band, 1(1) ^ 
hence 


^ ho(T) 
^ ^(0) 


■^SP - ^ 
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( 3 . 10 ) 


Ihe exponential decrease of cr can be visualized as a result 
of the existence of the gap E > viiich necessitates an acti- 
vation energy to lift the electrons from the filled spin-up 
states to the emp'ty spin-do-wn states. 

On the other hand, for a weak (i.e. when both the sub- 
bands are only partially full) itinerant ferromagnet the 
change in reduced magnetization is gi'ven by 


Aa(l) 

0 ( 0 ) 


SP 


= B 1 


(3.11) 


>iaere'B'is related to various band parameters like, the 

density of states at the Permi level, their derivabives, band 

n i -n t 

splitting, relative magnetization ^ (“ “ni ^ 



The T dependence is simply a manifestation of fermion 
excitations due to thermal energy. An additional T^'^^ term 
may also arise because of the assumption that molecular field, 
"which splits the spin-up and spin— down bands, is proportional 
to the total magnetization yaieh in turn decreases as d.ae "to 

spin-wa"ve excitation. 

To search for the existence of any such (Stoner) term, 
it appeared to be impractical to add Bqn.(3.10) or (3. Id) to 
Eqn.(3.8) and then try for a least squares fit. The reason is 
that Eqn. (5.8) already contains three unknown parameters and 
an addition of one or more unknowns "will complicate the 
situation without any appreciable gain. So it appeared more 
logical to follow the procedure of ALdred^'^^^ of first calcu- 
lating the expected change in magnetization due to spin— wave 
only, using the neutron scattering D values and subtracting 
these from the experimental values, at each tenperatuie. The 
difference then will simply give the change in magaetization 
due to single particle excitations only. In such an analysis, 
implicit is the assumption that the two modes of excitations are 
independent of each other, which is justified, at least in 
the low temperature region. Thus, as a first step only 

WS.S calculated using the data ^of Menshikow et al. ^ ^ for 

Unfortunately, due to the absence of any such data for Dg, sore 
approximations had to be made to calculate (y)gy only* 
have conjectured that due to the presence of other than spin- 
wave excitation, values obtained from magnetization 



measuremen'ts might be less than the cori*e spending neutran 

scattering mines. Now assuming that D 2 is also affected in 

the same manner as D , and recalling that ~ — = \ one can 
^ ^ o - o a 2 2^ 

■wrmte (~)q 2 ;p, “ only* Since the experimental mines 

of oc and r are known, one can calculate only u.sing 

the ™lue of {a)g^, onoe (a and are 

known, one can calculate the contribution to magnetization due 
to single particle excitation from the relation. 


Aa (!' 


^ 0(0) ^SP “ ^0(0) ^exp. ^ 0(0) 


SW only 


(5.12) 


To see whether this fits into Sqn. (3-10)or (3.11), 
two kinds of graphical plots were tried: (a) log{(^-^^)gp ■ } 

vs, 1/T and (b) \ (0 j ^SP ^ found that for all 

the alloys, the second fit was much better than the first 


one. In Figure 3.5 are shown the results of such a fit. 
Considering the uncertainties involved in extracting the single 
particle term, the straight lines seem to be remarkably good. 
The slope of the straight lines give the co-efficient 'B' of 
the Stoner term. In Table 3.4 are given the results of such 
analysis. For comparison data for pure Ni and one Mi-Fe 
alloy^"^®^ are also included. JIo such analysis could be 
performed for sample number 51 since the corresponding neutron 
scattering data for is not available. However, the values 
of 'B' given in the above table should be used with a little 


caution because of the following reasons: 





i) Since oar experimental results could not resolve 
whether tne next higher order term in the spin- wave contributiDn 
comes through a or a term, the absolute value of 

^"^^exji’ slightly uncertain. This value vas used subsequently 
to estimate (r)c<TT . 

ii) As discussed earlier, it is not knovaa how far the 
assumption made in calculating only’ justified. 

iii) Some systematic error also crept in estimating the 
neutron scattering values for our alloys from the data of 

Menshikov et al,^^'^^. Such error could be appreciable because 

* 

of the sensitive dependence of on the Or concentration. 

Thou^ the absolute values of 'B 'are somewhat 
uncertain, a few broad but definite qualitative features could 
be identified, Prom a comparison of the 'B' values for the 
alloys with increasing Gr concentration but with approximately 
the same Pe content, it is pretty clear that the addition of 
Or enhances the Stoner term considerably. But the change of 
'B' with increasing Pe concentration is not veiy clear. This 
is since the value of 'B' is sensitive to Gr concentiation, a 
meaningful comparison of 'B' for the alloys with different Pe 
con centiat ions can only be possible when their Gr contents are 
exactly the sa.me. Even then it can be safely concluded that 
the change of 'B' with Pe concentration is much less compared 
to that vTith Gr. 

It is evident from the above analysis that Stoner 
excitations can account for the diiference between the 



SP 


Table 5 . 4 


Results of the least squares fit of ) 

to siagle particle excitatioas (Rqa..(3. 11 ) ) 


I 

Sample | 

lumber | 
! 
! 
t 
t 
? 
? 

I 

I 

j Composition of 

I Hi- Re- Or alloys 
(at.%) 

i B(10 ^) 

1 

J Standard deriation 
\ of least squares 

1 fit (10""^) to 

t ( ( ^ )/^ (^) )3P 


100-0-0 

2. s'" (3.2) 


- 

89.8-10.2-0 

* 

1.12 

- 

Sr 

85.5-11-3.5 

3.3 

4.0 

24 

81-11-8 

9.1 

6.2 

26 

80-16-4 

3.2 

1.9 

28 

75-17-S 

6.8 

12 

27 

75.5-20.3-4.2 

3.9 

4.7 

32 

69.6-22.8-7.6 

9.4 

6,4 


* 

Reference (78) 


The number in the parenthesis is from Reference (86). 



magnetization and the neutron scattering determined values of 

fact that single particle excitations fit more 

to an itineraut weak rather than strong ferromagnetic 

description, seems to be a bit puzzling* This is because as 

shown in oection 1.2.2, according to the S.3, nodel due to 
(29) 

Berger , all the spin-up bands (except that of Cr, which is 
non-magnetic) for Ni-Be-Cr alloys are situated below Bg, and 
hence the oand picture suggests that the system should behave 
like a strong itinerant ferro magnet. At the same breath 
it is also pointed out that the existence of a Stoner term in 
the low temperature excitation of a ferromagnet is not a 
sufficient proof that tte system is an itinerant weak ferro- 
magnet, Because such a term has also been observed in 
]jj_(76,78,86)^ though from de Haas-Van Alphen measurements^^'^^ 
it appears to be a strong itinerant ferronagnet. There are 
other criteria which should be satisfied, before one arrives 
at a conclusion regarding the stron^weak itinerant behaviour 
in a particular material. However, from the rapid increase 
of the Stoner term with increasing Cr concentration and the 

( 79 ) 

similarity of this behaviour with Ni-Be^'-^^ alloys in tte 
Invur region or those of Be-Pt and Be- Pd alloys^^^^ (which 
are all itinerant weak ferro magnets), one can possibly infer 
that addition of Or in Hi-Be alloys shifts it HKDre towards 
i'tiiioi'ant weak ferromagnetism. Burther evidence in support 
of this idea will be presented and discussed in Section 5«5« 



3.2.4 Loy Temp erature Magnetization data for Mi-Fe-V Alloys 

A few alloys in "the teraaiy Hi— Pe— V system were 

selected for spin— wave study, ma inl y to see the effect of 

addition of vanadium and also the influence of increasing 

Fe concentration. The choice of alloys were again limited by 

the experimental constraint of not being able to extend the 

measurements below 77K. About four alloys of T about 50CK 

c 

and above were chosen. Similar to Ni-Fe-Cr alloys, the 

magnetizations as a function of temperature in a constant 

applied field of TKOe were measured and a computer fit of the 

3/2 

data were tried for a T term and higher order terms. 

In Figure 3.6 are shown the change in reduced 

magnetization A'^(H,T)/a(0,0) as a function of T^'^^ (correc'ted 

for gap temperature). Deviation frcm the straight line 

3/2 

clearly shows the necessity of terms higher than T . Similar 
to corresponding Cr-system, addition of vanadium clearly 
enhances the T^'^^ term and the importance of the higher order 
term decreases accordingly, as can be seen from the lesser 
deviation from the straight lines for alloys of higher 

3/2 

vanadium content; also the range of valid! 1y of the T -law 
gets extended in the reduced temperature scale (T/T^). 

In search for the higher order teims, two kinds of 
least squares fits were tried with: i) of 0,0) , cr and 
(co-efficient of T^"^^ term) and ii) o(0,0 ‘ ,a and t 
( co-efficient of t"^ term). Though the second kind of fit was 
found to be generally better than the first one, the difference 



• • 



( 5/-' S.D.) Ttfas found to be marginal. This is in contrast to 
Ni— Fe— Or alloys, where the second kind of fit was always 
convincingly better than the firat one. So there is a 
possibility that the teami ^ is not negligibly small compared 
to a in ternaiy vanadium alloys. Inclusion of ^ T 

simultaneously vas not possible as the limited accuracy of 
our experimental data do not permit handling of so many para- 
meters together. 

In Table 3.5 are shown the results of the least squares 
fits with different higher order terns, along with the standard 
de'viations. Using the -values of a , the spin-wave stiffness 
constants were calculated and are also included in the 

table. The values of ’p’ were calculated in the same manner 
as discussed in Sec. 3.2.2, using our measured lattice parameter 
values . 

Figure 3.7 shows the change in reduced magnetization 

■with temperature in a constant field of TKOe for some Wi— Pe-V 

alloys; the solid curves are the computer fits -with the 

T^-^^ term along with t"^ temii. Although the fits seem to be 

fairly good, in the absence of any neutron scattering data 

for D , it could not be ascertained whether the nagnetization 
o ' 

deri-yed values of are the actual ones. In other words, 
whether the spin- waves are the only exci-tations responsible 
for the decrease of magnetization. However, as can be seen 
from Tables 3.1A and 3* IB, Curie temperatures for Ni-Fe-Cr/Y 
alloys with about the sane concentration of Gr/V are of the 

Since basically both and are related to the 


same order. 
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Table 3,5 : Eesults of the least squares fits for the temperature •yariatioti of magnetization 
for sone Ni-Fe-V alloys. The" statistical uncertainty in the -various 
para me ters are also included 
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average excnange iateraction, it is not altogether unjustified 
to expect that the "values for vanadium alloys should he 
of the same order as the corresponding Ni-Pe-Cr alloys. But 
a comparison of our values for Ni-Pe-V alloys with liiose 
of the neutron scattering derived "values for the corresponding 
STi-Pe-Cr alloys (Table 3.3) suggest that magnetization derived 
Dq values are much smaller than expected for this system also. 
This immediately raises the question whether in Ni-Pe-V 
alloys also we ha-ve other than spin-wave (possibly Stoner- type) 
excitations at low temperatures. Hie similarity of the 
magnetic behaviours (see Section 3.5) in the two systems strongly 
favours this ■vie"W- point. The real picture can only emerge 
when the neutron sca"tterlng data are a-vailable. 

The other features, e.g. a rapid decrease of with 
vanadium concentration in contrast "tx) a smaller one with Pe 
concentration, are similar "to those of Ui-Pe-Gr alloys. The 
temperature dependent part of the spin-wave stiffness constant 
(D^) also shows a decrease with the addition of "vanadium. 

In fact, the validity of the T^^^-law over a larger tempei?- 
ature range is itself a manifestation of the declining 
impor"bance of the higher oider terms. 
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3*3 AveraA’6 num ber of Bohr Ma-gaetons per atom ( u) 

By extrapolation, of the magietization data (77K and 
abo've ) to lov temperatures, one can obtain the magnetic moment 
at OK and thereby the average number of Bohr magnetons per 
atom, n . This procedure is fairly simple and accurate for 
the alloys with higher T^ and for "vAiich spin— wave analysis of 
magnetization data have been done. Bor the alloys with 

3/2 

lower T^ (< 450K) , a T ^ -dependence of magnetization was 
observed (although, over a limited temperature range) above 
77K, which justified the extrapolation procedure even for them. 
This is because of the fact (as discussed in Section 3.2.2) that 

3/2 

the alloys with higher Or content (lower T ) show a T - 
dependence o^^r a higher temperature range in the rationalized 
scale (T/T^). However, this extrapolation procedure is 
unreliable for alloys with T lower than room temperature and 
hence no such data will be included here. We estimate that 
the total error in jil is less than 2% for the first method of 
analysis and is a li'^^tle more for tte second one. 

As discussed earlier in Section 1.2.1, to explain the 
deviation from Slate i-Pau ling curvesof the various Wi based 

(34) 

binary alloys with Ti, V, Or etc. as impurities, Briedel 
had introduced the concept of virtual bound state, ■vfoich was 
extended by Berger^ in his S.B. model. Since basically 
the HSgnetization is also connected to the number of holes 
available in the band, similar to Sin. (1.8), one can express 
ishe ’variation of ja with composition for the ternary systenB 
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m-ffe-Me (Me = Or, V, etc.), by 

M = 0.61 + 2 - (10 + 2) (3.13) 

where 0 stands lor the concentration and Z the "valence differ- 
ence between Hi and Me (which is —4 for Or and —5 for V). 

Thus experimental values for ja can provide a test for 
dlpn.. (3. 13) . The experimental results for the two systems 
are presented in the next two sub-sections. 

3.3.1 a for Hi-Fe-Cr Alloys 

Although, a comprehensive study of the variation of 
magnetic moment with composition o"ver the entire ferromagnetic 
range of compositions for this alloy series have already 
been carried out by Menshikov et al.^^'^\ we present here 
some of the data f)pom our measurements in the Ni-rich region 
for comparison. This will pro"vide an additional check for 
the reliability and quality of the samples prepared by us. In 
Table 3.6 are given p, for various alloys studied along 
with tnose of B£enshikov et al. and those calculated from 
Sqn. (3.1^). Since some of our compositions were different 
from those of Menshikov et al.,^^^^ the corresponding values 
of ja were estimated from their data for comparison. Ctonsi- 
dering the uncertainties involved in the interpolation 
procedure, one can easily see that the two sets of data are 
fairly in good agreement. But the disagi*eement with 
3qn. (3.13) is too glaring to be ignored. The fact that 
our experimental values are always larger than the theoretical 
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Table 3.6 % Ayera^ e number of Bohr magmas toas per atom, ju. » 

for various Ni-re-Gr alloys 


C- L*. -L. W J 

In rn i'* 1 

CotEposition 

01 Si-Pe-Gr 
alloys 
( s t, % ) 

t _ ^ f 

(no. of Bohr masnetonons ner atom' ! 

^■^^eff. 

* ^ LA Ui U V? J- t 

! 

t 

t 

1 

t 

! Present data 
! 

! 

f 

1 

{Data of According to 

IMensbikov’ Eqn.(3.13) 
let al. 

9 

85. 5-11-3.5 

0.68+0.01 (SVJ) 

0.70 

0.62 

4.3 

24 

81-11-8 

0.55+0.01 (SW) 

0.57^ 

0.35 

3.5 

29 

75.1-12.8-12.1 

0.46+0.015(1) 

0.45 

0, 14 

3.4 

26 

SO- 16-4 

0,82+0.015(3W) 

0.82 

0.69 

2.8 


75-17-8 

0.68+0.01(31^) 

0 . 70 "" 

0.47 

3.4 

33 

66. 1-17.4-14.5 

0.48+0.015(1) 

0.48 

0.09 

3.3 

35 

76.8-21.2-2 

0.96+0.015(1) 

0.98 

0.91 

3.7 

27 

75.5-20.3-4.2 

0.89+0.015(SW) 

0.89 

0.76 

3.0 

32 

69.6-22.8-7.6 

0.82+0.015(SW) 

0.83 

0.61 

3.2 

51 

67-21-12 

0.63+0.015(SW) 

0.64 

0.31 

3.3 

SW ; 

Data obtained 

by spin-wa've analysis 

T^^^-law 


T? # 

-O o 

Data obtained 

by extrapolation 

, using 



; Values directly read £rom Reference (61). 



values and the disagreement betv/een theory and experiment is 

more for the alloys with higher Or content, mightiest one to 

suspect whether the value 6 taken for (10+Z) is rather 

too large, Ihe corresponding value of 5 1 (= — ^ ! )(65) 

dc 1 Cr^ 

even in binary Ifi-Cr alloys further strengthens this 
suspicion. To check this, our experimental values of were 
fxtted to replacing (10+Z) by a variable pairameter 

^^^eff’ values of (2)^-^ , thus obtained, are shown in 

Table 3.6. It is clear from our analysis that i) 
is much smaller than the ideal value of 6 for the alloys and 
ii) (^^eff.’ i^s'tsad of being a constant, is itself compo- 
sition dependent. But one should bear in mind that the above 
analysis was confined to Bi-rich region only with the total 
Be+Cr concentration never exceeding 30 at.%. However, when 
one looks into the more comprehensive data of Menshikov 
et al. (Figure 2 of Reference (61)), a strong non-linearily 
(implying (Z)g^ to be composition dependent) is also 
observed in the jli vs. concentration curves. Beviation from 
linearity is more piominent for the alloys with higiier Or. 
concentration. It should also be noted that when we 
replottod their data for ^ as a function of for a 
series of alloys with constant Be content, wo found that the 


rate of decrease of jT with Or- concentration slows down as 
more and more Gr is added (?..e, where n<1). In 

other words smaller for the alloys with higher 

Gr- content. Except for a few exceptions (probably due to 
some uncertainties in determining actual compositions), in 



It should also 


geD. 62 ?al our data also show similar trend, 
be pointed out that in the later work on binary 2^"i-Cr alloys 
by Acker and Huguenin^^^ ^ been found to decrease 
with increasing Or concentration. Menshikov et al.^^”^^ have 
tried to explain /.i (c) on the basis of "defect theory". 

Wnen Or atoms enter into Hi— matrix, some of the nearest 
Ni-neighbours try to compensate the spin-density around 
Or— atoms arising because of the different number of "upward"- 
and "downward" spins of the host and the impurity. This 
causes a magnetic defect in the I^-number of nearest Hi- 
neighbours, reducing the total magnetization by (N+1 )0.4=5.2jLLg/ 
atom (N='12 for f.c.c. lattice and 0,4 is the magnetic 
moment of pure Or). Addition of Fe tries to suppress the 
negative spin polarization effect of Or atoms. Thus the 
opposite roles played by the two kinds of impurities in Hi, 
might provide some qualitative argument in favour of non-linear 
dependence of average magnetic moment on concentration 
(Fe or Or), But according to this theory increasing Cr- 
concentration should gradually diminish the role placed by 
the Be atoms and hence one should expect "fco increase 

with increasing Or— concentration. This is in contraiy to 
what we observe from our as well as from the data of 
Menshikov et al,^^^\ So this aspect of the problem does not 
seem to fit the "defect theory". We believe, sone CPA type 
calculations (which has successfully been applied to various 
binary systems by Hase^'vra. et al.^ for the band 

structure of this ternary system will be able to explain these 


data. 



3.3.2 M for AllnvR 


We present the data for fi for a few li— Fe-V alloys 
in. the Ni— rich region. The sane method, as described earlier 
for Ni— Ee— Or system, ms used for extrapolation of magneti- 
zation data above 77K to OK, to obtaiu In Table 3.7 are 

presented the derived data along witxi those estirmted accor- 
ding to Sqn, (3»13). It can be seen th.. t again 3qn. (3.13) 
fails to explain the experimentf-l results. To get an estimate 
of (= (10+Z)^^^ ), the same kind of analysis as in 

Gr alloys, have been done. It appears that the average -3.8 

instead of 5 and is itself a function of composition, ii^lying 
non-linearity in jli vs. concentration curves. Thus, essen- 
tially the results are similar to those of Hi-5te-Cr except 
for the fact that deviation of from the ideal value 

(5) is less for the V-system than for the Cr-ones. For 
small V- concentrations, are almost near to the ideal 

value of 5 and then start decreasing with increasing V-content- 
This is in contrast to the behaviour of d jiT/dc in binary 
Ni-V alloys^^^^ where (2)^^^ have been found to be increasing 
with increasing Y-ooncentration (from initial value of 5 to 
abort 5."" 7cr Gy = 8 at.^). 
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3.4 


Variatioa of Spontq. npnng Magnetization 
and iviolecular Field Thenrl^ 


Spontaneous magnetization, Mg, was measured from 
77K to ij'neir respectiye Curie temperatures for a few alloys 
in. bo uh the ternary series. As discussed in the preceding 
section, due fcoa,rapid decrease of the spin— wave stiffness 
constant witn the addition of Gr/V, magnetization in these 
systems fails off much faster than in li or binary Ni-i'e 
alloys at low temperatures. So it appeared to be interes- 
ting to study Mg over the complete ferromagnetic range of 
temperature, at least for a few alloys. The similarities 
in some low temperature aspects of the magnetization with 
those of metallic glasses (viz, validity of the T^'^^-law 
over a large temperature range) also raised the possibility of 
some such similarities in the high temperature behaviour. 

At temperatures below about 0.8 T^, spontaneous 
magnetizations at any temperature were obtained by extra- 
polation to zero field of the high field straight line part 
of the magnetization vs. magnetic field isotherms. At 
higher temperatures, the well known Arixitt^^^^ plots were 
used to obtain Ivh. Tnis .method (Arrott plots) also furnishes 
a reliable way to detemdne Curie temperature accurately, 
since then T is the temperature at which vanishes. 

The above method was applied in determining T^ only for the 
few alloys under consideration? for the rest, the method used 
ims already been discussed in Section 5.1. The reason is, one 
needs better accuracy for T^ when the behaviour of reduced 



magnetization (Mg(T)/Mg(0)) as a function of reduced tempei- 
ature (T/T^) is studied, specially near the critical region. 
Now, according to the molecular field theories, reduced mgae- 
tization vs, reduced temperature curves are expected to 
roughly follow Brillouin functions, except at very low temper- 
atures (due to spin— waves) and near to the critical region, 
because of the inherent limitations of these theories. 

Figures 3»8— 3»'10 show the experimental results for some 
Ni-Pe-Gr/V alloys along with the Brillouin function curves 
corresponding to S=1, shown by the dotted lines. It can be 
readily seen that for all the alloys, magnetization falls 
much faster than predicted by the theory, over the ii^ole 

temperature range studied. The theoretical curves for 
-1 

S = ^ have not been shown in the figures partly to 
preserve clarity and partly because the disagreement with 
experimental data would have been more for them. Another 
aspect of our data, as can be seen from Figures 3.9 and 3.10, 
is that the disagreement between the theory and experiment 
increases with Increasing Gr/Y concentrations. 

It is •well known that though approximate, molecular 
field theories with S = -^ and S=1 can fairly well explain 
the magnetization data of ciystalline Ni and Pe respectively, 
"Within their limitetions. But it appears that this kind of 
theory is rather inadequate for the present systems. As 
pointed out in Sections 3.2.2 and 3.2.4, the dominance of 
large spin— wave contribution to the decrease of magnetization 
up to fairly high temperatures (*^0.5 2?^) could be a plausible 
reason for the disagreement at low temperatures. But the 








disagreement at higher temperatures cannot find any logical 
justification in the framewifc of the simple molecular field 
theories. It is also interesting to point out that recent 
studies of ferromagnetic metallic glasses^^'^»^®^ have shown 
a similar kind of 'diminished curvature’ of magnetization in 
a wide variety of systems. Among the various theories^^^’ ^ 
proposBd so far^ the ones "which incorporate disorder by allowing 
the excnange interaction to deviate landomly f3?oni a mean 
value, have been found to be more successful in explaining 
the magnet ization behaviour of anorphous ferromagnets. Of 
these, the theory hy Montgomery et ascribes the 

decrease in spin-wave stiffness constant of anKsrphous mater- 
ials from their crystalline counterpart, to a rapid rise in 
the density of spin wave states at lower energies due to 
disorder and also can explain the depression of Curie teii5)er- 
aturej but it fails to explain the diminished curvature of 
the reduced magnetization curves. On the other hand, the 

(qq') 

theory propounded by Handrich^ , though handicapped by 

unchanged T even in the presence of disorder (but corrected 
c 

in a later paper^^*^^b> explain the overall 

f 97 98 ) 

qualitative behaviour of the magnetization curves^ 

Though crystalline, the similarity of the magnetization 
behaviour of the present systems with those of amorphous 
ferromagnets , prompted us to search for an explanation in 

the context of those theories. 

Because of the simple analytic form, we tried to 
apply Ifendrich' s theory. According to this, in the presence 



of disorder the reduced spontaneous magnetization, under the 
molecular field approximatioUj should be giYen by 

Mg(T)/Mg(0) = ^ CBg(l + A )x + Bg(l -a)x} (3.14) 

where Bg is the Brillouin function with x = {3S/(S+1)}(T /T) 

c 

x{ Mg (T)/Mg (O )} and A is a measure of disorder, defined as 

the r.m.s, deviation from the average exchan^ interaction 

between nearest neighbour pairs. In the absence of any 

disorder, Eqn.(3.14) is simply reduced to !^(x), as expected. 

Using A as a T/ariable in Eqn.(3.H), the best possible fit 

could be obtained for S=1 , A = 0.35 for sample number 9 with 

3-5 at.?J of Gr and for S=T, A = 0.5 for sample number 29 

with 12.1 at% of Or. An equally good fit could also be 

1 

obtained for -3 = 2 with different a values. Ihe values of 
S and A which give best fits to our experimental curves, are 
presented in Table 3.8. The solid curves in Figures 3.8 to 
3.10 are the best possible fits according to Sqn.(3.14) for 

T 

S=1 . To preserve clarity, the corresponding curves for S= -g 
have been omitted. It is clear from the table that whete'-'er 
be the value of S(-| or 1), A always increases with the 
addition of Cr/V for an alloy series with fixed Fe concen- 
tiation. But when Fe concentration is increased, maintaining 
Or concentration fixed, A changes veiy little as can be 
seen from Figure 3*8, where the reduced magnetization data 
for sample number 29 has been presented along with that of 
sample number 51 for comparison.- An increase of Fe concent 
tiation by about 8 at.fo has reduced A only by about 0.05 for 
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Table 3.8 


faults of best f1 .ts of modified Brlllnnin 
to reduced magaetizatioa data 


Sample > 
Number 

Composition 
(at. )o ) 

i Values of A for best possible 
[fit with 

J S = 1 ! 

^75 

9 

^^^85. 5^® 11 ^^3. 5 

0.35 

0.4 

29 

^'^^75.1^'® 12.8^^12. 1 

0.5 

0.55 

51 

^%7^"®21^^12 

0.45 

0.5 

19 

Nis^FeioTy 

0.4 

0.45 

39 

^^77. 4^"® 11. 9^10. 7 

n.5 

0.5 


39 


0.5 




n 1 

both S=1 aiia S = ■^. But the coiresponding iacrease of Gr 
resulted in a change of A by O.15. It should be pointed 
out that the q.uant itatiye agreement between Sq.n,(3. 14) 
our experimental results cannot be claimed to be excellent. 

But the slight disagreement at lower and higher temperatures 
is Q.uite expected if the limitations of nrolecular field 
theories are kept in mind, How since a is a nBasure of dis- 
order, the implication of the above results is that the 
addition of Or/V in these ternary systems drastically increases 
disorder, whereas addition of Fe has very little effect; if 
at all, it tries to suppress disorder. The important q.uestion 
is what kind of disorder can arise from the addition of Cr/V. 
Since these are all polycrystalline materials and except 
for a small decrease in lattice parameter no other effect 
has been observed due to the addition of Cr/V, ooe can rule 
out the possibility of any structural disorder. But there is 
a distinct possibility of higher "magnetic disorder", specially 
duo to the addition of Gr. Neutron scattering studies of 
Menshikov et have shown that out of the six types of 

pairing interactions in Ni-Fe-Cr alloys, Cr-Cr and Fe-Fe 
interactions are antiferromagnetic aM a very large 

value, compared to those for other interactions. In that 
event the exchange integral will vary in a random manner 
from site to site, depending on the 1ype of nearest neighbour 
atoms in a random alloy. Because of the large value of 
I -227 meV, compared to 52 meV for magnetic 

disorder will rapidly increase with the addition of Gr, as has 



been observed experimentally. On tm other hand since 

^Pe-Pe small ( - 7 mev) the influence of Pe will be 

negligible except in the Pe-rich region. But in the case of 
Ui-Pe-V alloys, in the absence of any such information on 
excnange interaction, no such explanation could be put 
forward. However, the similarity of their magnetic behaviour 
probably suggests the same kind of mechanism in these alloys 
also. 

The results of spin-wave stiffness constant measui^- 
ments are also consistent with the above picture, since the 
theory by Montgomery et al.^”*®®^ suggests a decrease in D 
with increasing disorder. If one sticks to the disorder 
approach to the problem, the above results indicate that for 
the present systems, "magnetic disorder" is playing similar 
role as "structural disorder" (or probably both) plays in 
amorphous magnetic materials. There is another possibility 
(as will be discussed in the next section) that all these 
anomalies arise simply because localized theories do not 
hold good for ttxjse ternary systems. 


3.5 Itinerant vs. localized Model 

The magnetization behaviour studied so far, reveals 
two interesting features: i) A rapid increase of the Stoner 
(T^) term in the magnetic excitation with the addition of 
Or in Hi-Pe alloys. Though the presence of such a term could 
not be established in Ui-Pe-T alloys due to absence of the 
spin— wave stiffness constant data obtained from neutron 



scattering experiments, still our lov temperature ma^eti- 
zation measurements give g.oma indication about the presence 
of additional excitations other than spin- -wave, ii) reduced 
magnetization for alloys in both the ternary systems falls 
much faster than predicted by molecular field theories 
this discrepancy widens with increasing concentration of 
Gr/V. These facts, along with the non- integral values of 
average number of Bohr magnetons/atom (u) and their non- 
linear dependence on concentration, opened up the possibility 
of a suitable explanation of our data in the franework of 
itinerant electron models (IBJI) rather than the localized 


ones . 


In the last twenty years some useful criteria have 

been developed by Wohlfarth and co-workers to distinguish 

between materials obeying localized models (IM) and those 

following One of them is the Rhode s-Vfohlfarth 

plot^^^^ \ where the ratio is related to the Curie 

temperature T_. Here q._ is the average number of Bohr magne- 
c s 

tons per atom derived from the low temperature magnetization 


data and q is the corresponding quantity derived from the 

G 

Ourie— Weiss constant in the paramagaetic region by using the 
relationship 


G = 


® '4 4ft. 


3 k 


(3.15) 


■B 


where 


■eff. 


= <1^ (5c + 2) 


(5.16) 


.-1 


Here G ‘ is the slope of the linear part of the inverse 
susceptibility vs. temperature plots, I is the number of 



atoms/ gm and kg is the Boltzmann constant. The basic philoso- 
phy of Rhodes-Wohlfarth plot^is that in the case of the 
localized electrons, the effective spin is the actual spin 
and hence = 1 for all T^. ’ But in the case of the 

itinerant electrons, q^ might be less than the TnaTn' Tnnm possible 
■value and hence q^/q^ > 1. This ratio will be larger, the 
weaker the ferromagnetism and hence should be related to T 

c 

by 


( 102 ) 

Recently^ , it has been shown that this kind of plot for a 
large number of alloys and compounds with diverse constituents 
show a systematic trend of increasing with decreasing T (if 
not following the same universal curve as predicted by 
3qn.(3.17)). However, the Curie-Weiss behaviour above T^, 
though observed in almost all ferronagnets including weak 
itinerant systems like ZrZn^^^^’ and finds 

little support from the Stoner^®®^ model or from its later 
extension by Ed ■wards and Wohlfarth^ ^ . In the limit of 
very weak ferromagnetism, Edwards et al. show that 


X = Xq ( 1 - 



T < 


T 


c 



( 3 . 18 ) 


X 



where is the effective degeneracy temperature of the 
E'ermion system above which Pauli exclusion principle can 
no longer restrict the occupation of the bands as all 
electrons/holes around are thermally excited. Actually 
this Tp is the temperature corresponding to the energy of 
exchange splitting of the spin-up and spin-down bands. 
is the differential susceptibility at OE, given by 

Xq = Nn i^) 4|/ [in(Sp) - 1] (3.I9) 

where , 

IT = number of atoms 
n(Ep) = density of states/atom/spin 
I = exchange parameter. 

- 1 2 

Thus according to the Stoner- Wo hlfarth theory, X «= T . 

However, this has not been observed in any weak ferromag- 
netic system, except A Curie- Weiss (GW) behaviour; 

according to WohlfarthP^® ^ is expected only -vdien T»Tp 
which is definitely not the case in the temperature ranges 
where GW behaviour has been observed in ZrZUg other 
similar systems. The failure of these theories to explain 
the observed CW behaviour naturally points to the inadequacy 
of Hartree-Pock approximations, on which these theories were 
based and developed to descrabe the finite temperature proper- 
ties^ even for very weak ferromagnets. To describe the GW 
behaviour, often existence of son© local ii»meats were 

Though justified in the case of strong ferromagnets. 


postulated. 



for weaiay farromagnetic systems this is iaadequate. Thus, 
though froTP theoretical point of view deduction of local 
moinents from Curie constant is questionable, nevertheless the 
ratio Iq/Iq serves as an useful indicator for the degree of 
itinerancy. But as cautioned by Wohlfarth^ this 
criterion may not be conclusive if the material shows some 
unusual spin structure (viz. conical, spiral etc.) below 
• Common examples are Pd— Be and Pd— Co alloys which show 
"giant laoment" behaviour. 

In this connection it seems relevant to add that 
though CW behaviour does not find explanation from these 
theories, dynamical "spin— fluctuation" approach by Moriya 
et al.^^^-^ can very well explain them, though the mechanism 
is entirely different. Though CW law is common to both the 
localized and the weakly itinerant systems, the properties 
of spin fluctuations are entirely different in the two cases. 

A unified approach in terms of spin-density fluctuations 
have also been suggested^^^^ to explain the properties of 
materials which lie intermediate between the two extremes 
(localized and weakly itinerant limits) and whose ratios 

lie intermediate between the two (1 and «*»). 

Thus we may conclude from tte above discussions that 
measurements of paramagnetic susceptibility can serve an useful 
purpose in determining the itinerant or localized chaa^cter 
of magnetism. Our measurements in the femomagnetic region 
for two ternary alloy systems snowed some indication of 
behaving like weak itinerant systems. To check this, 



paramagnetic susceptibility measurements vere cairiea out for 
three^alloys in the Fi-Fe-Cr system and two in Hi-Ee-¥. 
Since^qc/^s criterion can be applied^ usefully for alloys 
with < 500K (to satisfy the condition being 

the degeneracy temperature), our choice of alloys were limited 
by this criterion. 

Out of the five samples, two of them (one in each 
ternary series) have below room temperature, for these 
two, measurements were carried out above room tenrperature only 
This is partly because the other three alloys studied, showed 
pure paramagnetic behaviour at temperatures much above T 

o 

(only above (T-T^) > 100K). So when our interest lies in the 
paramagnetic region only, measurenents below room temperature 
for the above two samples would have added little to our 
knowledge. The deviation from pure paramagnetic behaviour, 
characterized by non-linear relationship between K and H, 
is probably due to some kind of short range order or some 
super-paramagnetic clusters present at temperatures well above 
T , figure 3.11 shows some characteristic M vs. H graphs 
above T^. 

In figure 5.12 is shown inverse susceptibility as a 
function of temperature, measured in a constant field of 
5 KOe, for the alloys under discussion. All tte alloys show 
fairly well defined CW behaviour from a temperature high above 
their respective T to the highest temperature of n©asurements 
The slope of the straight line gives inverse of Curie-Weiss 
constant (l/C) and itsi intercept on the tempeiatura axis 
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aAiNig^Fe^^Crg 
29 : Ni75 iFe]2.8Cr]2 
48 ■- Ni7QF8i2Cr'j0 
19 : Nig3 Fe^QV7 
45 Ni76,8*^®7.2'^16 



gi'VBs ©, ohe paramagnetic Curie— temperature. The values of 
dsfio-sd. by -Hiqn. (3. 16), for the respective alloys were 

calculated using Eqn. (3. 15) and our experimentally determined 

- 1 

values of C . In Table 3.9 are presented the results of 

such calculations along with the values of T , © atd also 

c 

T^ , the temperature at which deviation from CW law is observed, 
for the various alloys under consideration. The values of 
q were taken from Tables 3.6 and 3.7 (actually q = Id, 
given in those tables) for sample Nos. 24, 29 and 19 and the 
corresponding quantity for sample numbers 45 and 48 were 
estimated from compositions close tc them. For comparison, 
q^ and q^ values for some typical itinerant weak ferromagnets 
are also included in the table. It is quite apparent from 
the table that indeed show a ^stematic increase with 

decreasing T i.e, with increasing concentration of Cr/V, 

The values are also comparable to the literature values of 
some binary and ternary alloys of different constituents which 
have T close to our alloys. It should also be noted that oeet 

q /q values for Ni-Fe-Cr alloys are nearly the same as those 

c s 

for Ni-Fe-V alloys of comparable T^. Such experimentally 
observed systematic behaviour lends strong support to the 
contention that addition of Cr/V to Ni-Fe alloys drives it 
more towards itinerant weak ferromagretism. However, this is in 
contrast to the case of binary Ni— Fe alloys, which show strong 
itinerant behaviour in the Ni-rich region and weak in the 

Invar region 
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Table 3 « 9 : Values of T^, Q, T^, and q^ for some 

iTi-Pe-Cr/V Alloys 


Sample 

Rumber 

t 

f 

Alloy Goipposition 1 
(at.%) 1 

f m r 

1 ! L 

%{ 

(K)! 

f 

% f 

1 

I 

V ' 

i 

V^s 

24 

Hig^JenCrg 

470 

526 

612 

1.39 

0.55 

2.5 

29 

^^^75. 1^'®12.8'^^12.1 

365 

434 

524 

1.27 

0.46 

2.8 

4t5 

2^^18 

179 

255 

352 

1.19 

0.30* 

4.0 

19 

Nig-^ReiQVr^ 

486 

540 

620 

1.41 

0.56 

2.5 

45 

2^16 

167 

248 

348 

1.14 

0.27* 

4.2 


"^ZrZn^ g 

26 

- 

- 

0.86 

0.16 

5.4 



307 

- 


1.31 

0.50 

2,62 


CD 

o 

H* 

O 

• 

00 

^bd 

105 

- 

- 

0.85 

0.24 

3.54 


^^®56.5^^45.5 

47 

60 

- 

0.957 

0, 125 

7.7 

1 

0 -phase 

^®55. 1^^44.9 

29 

53 

- 

0.788 

0.096 

8.2 

1 

' 4 ^ 

^^®55.5^44.5 

160 

165 

-- 

1.139 

0.222 

5.1 


Estimated values from Table 3.7 and Eeference (61) 
Reference (110) 
a Reference (111) 
b Reference (112) 




tu I 

One striding feature for all the alloys is the large 
difference between paramagnetic and ferromagnetic Curie 
temperatures, 0 and it can be also seen from Table 3.9 

that the difference (0 — increases with increasing 
concentration of Cr/V. Such large differences have also been 
observed in Ci-rich Fe-Cr alloys (see table). Similarly the 
temperature from which the deviation from Curie-Weiss 
behaviour starts (T^), also increases with increasing Cr/V 
concentration. This behaviour was also reflected in the M 
vs. H isotherms above T^, as discussed earlier. For all 
the alloys T^ was found to be close to the temperatures where 
M vs H isotherms show perfect linearity. So one could 
attribute this to the presence of son© kind of short range 
ordering up to temperatures close to T^. But it is amazing 
to think how any kind of short range order could remain 
up to such a high temperature, which is about 2 T^ for sample 
numbers 45 and 481 lo straight-forward explanation could be 
offered for this observation at present. 

Materials with weak itinerant character (large %/%) 
should also show a host of other properties, viz. their 
Arrott plots should be a set of parallel straight lines 
over a wide range of tempeirature^ The Arrott plots are 

the vs. H/M isotherms which are found to be straight 
lines (except for some deviations in the low- field region) 
for all ferromagaets near T^. This kind of relationship 
comes directly from the Landau theoiy of phase transitions 
when the free eaergy is arpressed In powers of 
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in the limit Of M(T)/H(0) « 1 near T^. But the slope of 
such plots are temperature dependent. On the other hand, 
awards and Wohlfarth^lO®) haye shown that in the limit of 
very weak ferromagnetism (? „ « 1, wtere is the relative 
magnetization of spin-up and spin-down electrons), 


p M (lleT) 

h;l(0,0) 


2 ' 


■T 


■)S + 


^o H 

iHHjT) 


(3.20) 


Hence tne Arrott plots at all teiiipe 2 stures below 1,-, 

( 1q << for weak systems) should be a set of parallel sti^ight 

lines with slopes equal to 2 {M(0,0)^}. 

figures 3.13 and 3.14 show the Arrott plots over a 
wide temperature range for two Hi-fe-Gr alloys and one Ni-Fe^V 
alloy, for which the susceptibility were measured. Except 
for the deviation at low fields, which is naturally expected 
due to domain orientation and some possible spatial inhonso- 
geneity in the sample, the plots appear as fairly good straight 
lines. However^ because of the limited field range available, 
the number of data points in the linear part, specially at 
lower temperatures, are snail. But at higher teni)eratures 
the linearity of such plots have been established without ai^ 
ambiguity. On the other hand, the slopes are definitely 
not temperature independent. But then, even in ZrZn 2 j which 
is thought to be near an ideally weak fe no magnet, the slopes 
of Arrott plots show considerable tempemture dependence^ 
lately, terms higher than were included in Bqn. (3*20) to 
give a batter agreement^’''^^ So iQ our case, the temperature 



^{H,T) [lO^emuVg^ 



h/M(H,T) [Oe-emu’-g] 


Fig. 3,W 
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dependeaoe of the slope is not altogether unexpected since 

by any oonsideiatlon, these alloys cannot be considered to 

be perfectly weak ferromagnets. Such behaviour has also 

been observed in and in le-Hi^”^) 

Einally 5 though tho slopes of Arrott plots appear as t8!ip6i>- 
dependent^ 

aturB^^ the linear behayiour over a "wide temperature range 
definitely suggest that the alloy systems under consideration 
behave very much similar to itinerant weak ferro magnets. 

It was also pointed out by that in 

an itinerant weak system a(0,0), spin wave stiffness 
constant (D^ ) , etc. should have a common relationship with the 
exchange energy and hence composition, i.e., 

■1^ M(0,0)^ Dq - 1C - 0^1 (3.21) 

where 0^ is the critical concentration for which ferromagne- 
tism disappears. In the case of the two temaiy alloy systems 
under investigation, a meaningful comparison of the above 
mentioned quantities can be only through the concentration 
of Gr/V in a series of alloys with fixed content. This is 
because, addition of Fe increases the magnitude of those 
quantities whereas^ecrease is observed with Or or V. Since 
in the present study we had very few alloys with the same Pe 
content but increasing Cr/V concentiation, such kind of 
analysis was not possible. But even then, we recall that 
the late of change of concentration wei^ 

less for the alloys with hi^er Cr/¥ content. But for the 
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alloys with lower Gr/V, they decreased almost linearly with 
concentration. So there is additioiaal evidence in the light 
of Eqn. (3.21) that the alloys with higher Gr/V behave n»re 
like itinerant weak ferro magnets. 



Chapter TV 


Transport Properties 

In this chapter we present mainly the results of extra- 
ordinary Hall co-efficient (Rg) as a function of composition for 
the two systems, Hi— Pe-Cr/V, measured at room temperature and at 
77 E. I'fain emphasis wasfstudying the change of sign of E and 
thereby establishing the = 0 line for the two ternary alloy 
systems. An attempt has also been made to explain the residual 
resistivily of these alloys in terms of the "two- current” model. 

4 . 1 Change of Sign of the Extra-ordinary Hall Co-efficient in 
Hi-Pe-Cr Alloys 

As has been already discussed in Chapter I, accor*ding to 
the S.B. model due to Berger^ the extra-ordinary Hall co- 
coefficient E of ternary Hi-Pe-Me (Me = Ti, V, Cr, Mo, W, etc.) 
s 

alloys should change sigi when the Permi level crosses the 
boundary between the Hi and Pe spin-down bauds, and hence the 
line should follow Eqn.(1.8). Guided by this information, along 
with the already existing experimental data for Xg 0 line for 
Hi-Pe-Cr alloys about fiften alloys for this ternary system 
W8re preparod and the extra-ordinary Hall co— officiant i«ias 

measured at room temperature and at 77K. Data for resis- 

M 

S S 

tiTity p , and extra-ordinary Hall coMuctivity yjjg = 
are presented in Table 4.1. The values given, are the averages 
over s-everal measurements of the same piece of a given sample 
and where necessary on different pieces of the sauB sample... 
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Reproduc ibility m vas within atout 2% and the total 

erior in R^Mg was estimated to be about 4%. The actual sign 
of RgMg was determined with respect to pure Ni, whose extra- 
ordinary Hall GO— efficient is negative. As has been pointed 
out by Berger j since in concentrated alloys side— jump’* 
mechanism is more important (implying E “= p^), it is more 
meaningful to talk in terms of the extia-oixiinaiy Hall cx)ndti- 
ctivity Tpjg rather that E^, since is almost temperature 

independent except for a weak dependence through M . Accordingly, 

s 

is a better parameter when a comparison is necessary 

among various compositions. The error in resistivity mostly 

comes from dimension measurements, of which the smallest 

quantity, i*e, the thickness contributes the maximum. In 

most of the cases the total error in p was of the order of 

2 

3%. On the other hand r^-g, being a function of p , 

inherits maximum uncertainty through f> ; the typical erinr 

bar in "was about 10?^. It can be seen from t^ table that 

no 

out of the fifteen alloys studied, seven nave positive Hall 

conductivity. Bor some of the alloys, the values of 

( 11 "’) 

are slightly different from the results presented^ ' at 
the initial stages of this investigation. The results for 
sample number 9 S'l^id 24, within experinental uncertainiiy, are 

(its) 

in agrecmBtif wifh the data of Siuha and Majuiiiiar • For 

sample number 50, since tbe temperature of measurement vas teiy 
close to T , oroept for the sign, not much significance should 

be attached on its absolute value of 
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Using the positive aod negative values of at 77X 
one can easily draw the ^ 0 line in the ternary phase 
diagram of tnis system. Figure 4 . 1 shows such a diagram along 
with the already existing zero line for the linear co-efficient 
of magnetostriction and the one predicted from 

the S.B. model (Sq.n,(1 .8 )). The numbers associated with the 
solid circles represent the sample numbers as given in Table 
4.1 and those in the brackets repiesent rjjg(x 10“^ 
values at 77K with appropriate signs. The experimental 

^ line in the regions of low Fe concentration (<5 at.?S), 
shown by dotted line, has been drawn by mere extrapolation and 
hence is a little uncertain. The alloys in this concentration 
range, which are expected to show a change in sign, have T 
below 77K and thus beyond the reach of our present experimental 
facility. From the nature of our ^ 0 line, it appears 

that in binary Ni-Cr alloys a sign enange in cannot be 
observed since ferromagnetism is destroyed before such a 
composition is reached. This is also consistent with the 
literature'^y^wJiere no such sigi change have been reported so 
far. The main points those emerge from Figure 4 .I, are the 
following: 

i) The experimental line definitely lies much 

below the theoretical line and essentially in disagreement 
with Berger's model. The experimental line is also 

at variance with the theoretical line, but to a lesser extent. 

ii) The deviation from the S.B. model is moare 
pronounced in the Or- rich region, implying that the presence of 




32 (+ 6 . 0 ) 






Cr is the cause of a isagreensut «lth a nndel which has been so 
far found to be useful In sewral blnaiy and temaiy alloys. 

ill) Both the experimental tjjg ~ 0 and “ 0 lines 
show considerable curvature in contraiy to the straight line 
behaviours expected from the simple S.B. model. 

iv) Xg and are expected to change sign simul- 

taneously . But in this case as one approactes the zexo line 
from the Hi— rich side, changes sign long before 
Thus if a vs. Xg plot is made, the curve should have a 

negeative intercept on the Y^g-axis. This is in contrast 
with the other crystalline binary and temaiy systems^^^^ as 
well as some amorphous systoms^"^®^ where the intercept is 
positive . 

In search of a plausible explanation for the deviation 

of our experimental results from those expected from the S.B. 

model, it was natural to reflect on the saturation mgneti- 

zation data at OK (Section 3.3. 1)» since basically both the 

phenomena are related to band- filling. Magnetization results 

have clearly shown that the actual number of electrons added 

by the addition of Cr atoms , is far from the ideal 

value of (10+Z) card instead of being a constant, is itself a 

function or composition, As discussed earlier (Section 3.3. 1)» 

^ 2 ) have been found to be decreasing with increasing concert” 

off* 

tration of Cr for a series of alloys with approximately the 


same Pe content. 



so 


Cr is the cause of d isagreeiDeut mth a model which has been 
far found to be useful in seTeral binary and ternary alloys. 

iii) Both the experimental - 0 and « 0 lines 
show considerable curvature in contra]y to the straight line 
behaviours expected from the simple S.B. model. 

expected to change sign simul- 
taneously . But in this case as one approactes the zero line 
from the Bi-rich side, changes sign long before Tjjg. 

Thus if a vs. Xg plot is made, the curve should have a 

negeative intercept on the r^g-axis. This is in contrast 
with the other crystalline binary and ternary systems^ as 
wall as some amorphous systems^^®^ where the intercept is 
positive . 

In search of a plausible explanation for the deviation 
of our experimental results from those expected from the S.B. 
model, it was natural to reflect on the saturation magneti- 
zation data at OK (Section 3.3. 1)» since basically both the 
phenomena are related to band- filling. Magnetization results 
have clearly shown that the actual number of electrons added 
by the addition of Cr atoms , is far from the ideal 

value of (10+Z) and instead of being a constant, is itself a 
function O’f composition, A.s discussed earlier (Section 3.3. 1)» 
(Z) ^ have been found to be decreasing with increasing eoncen- 
tration of Cr for a series of alloys with approximately the 


same Be content. 
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To check whether this could be a reason for the deviation 
of our ^ 't^e one predicted by the S.B. 

model, wnat >jas done is the following. A few alloy compositions 
in the ternary diagram near the experimental x ~0 line were 

S 

selected and the corresponding experimental values of jit were 
obtained from the data of Menshikov et al.^^^^ The (Z) 

off* 

values for these alloys were estimated by using 3qn. (5. 13). 

Now in turn, the new values of were substituted in 

tiQ.n. (1.8) in place of (10+3) and then the compositions 
tor which a sign change in X^ and ■Tjjg are expected (according 
to Bqn.(1,8)), were estimated. Eqn. (1.8), thus modified, 
predicts a curve shown dotted in Bigure 4.1. In Table 4.2 are 
shown the data used for such analysis. The reason for such 
cumbersome analysis is the compositional dependence of (2)^^^ . 

The important outcome of this analysis is that when the 
non-linearity in ;j. vs. concentration curves is empirically 
incorporated into Eqn, (1,8), theoretical line comes much closer 
to the experimental X ^ 0 line and essentially reproduces its 
curvature. But still it lies for away frem the experiTiiental 
<^0 line. From this one could safely conclude that the 
curvatures of experimental X s 0 line and possibly also that 

of ^ 0 line are the off— shoot of the non-oinearity in the 

no 

VS- 0 curves. In this context,it^also important to point 
out that for those systems, where S.B. model could account 
for the sign change of nnd Xg, saturation magnetization 

is a linear function of concentration. 
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Table 4.2 : Results of re-analysis of 0 data 

for Mi-Re -Cr alloys in tenss of the S. 

model, modified to incorporate the coe 

tional dependence of (Z) 

^eff. 



85.7-2-12.3 

0. 13 

4.2 

86.3-2-11.7 

83.5-5-11.5 

0.26 

3.9 

84.7-5-10.3 

C\J 

• 

o 

1 

00 

1 

00 

• 

00 

0.39 

3.7 

83.6-8-8.4 

81-10-9 

0.47 

3.8 

83.4-10-6.6 

80.4-12-7.6 

0.57 

3.7 

82.9-12-5.1 

80-14-6 

0.70 

3.2 

81.9-14-4.1 

80-16-4 

0.81 

3.0 

81.7-16-2.3 

80.5-18-1.5 

0.92 

3.3 

81.7-18-0.3 

Estimated from 

Reference 

(61). 



kl Ibd! 
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Thus it appears that though the S.B. model can explain 
tne position of the -0 line fairly well, it cannot do 

so for the ~ 0 line. The disagreement between the S.B. 

model and the experimental - 0 line, then essentially boils 
down to the disagreement between the experimental X 0 

lines. 

4 • 2 Change of Sign of the gxtra^ordinary Hall Go-effic ient in 
ITi-Pa-V alloys ~ 

In Table 4.3 are given the 'values of P , EM and ’rnr. 

S S llu 

for twelvo alloys of tomary Ni—Fe-V system, measured at 77K and 

room temperature. As in the case of Ni-Pe-Cr system, prior 

infornation about the positaon of i:; 0 line^^^^. helped us 

s 

in choosing the composition ranges where a sign change in EM 

s s 

(or might be expected. Out of the twel-ve alloys studied, 

seven of them were found to be ha-vlng a positive extra-ordinary Hall 
co-efficient. The absolute -value of r^rg for alloy number 49 
is a bit uncertain since the temperature of measurement was -very 
close to its T^. Using the -values of at 77K for the 

various alloys, the experimental r^g ^ 0 line -was drawn by 
linear extrapolation and is shown in Piguro 4.2.' Also shown 
are the already established ^ 0 lino and the straight line 
predicted by the S.B, model for the sigi change of Tjjg and Xg. | 

I 

It is quite apparent that for Hi-Pa-T alloys the behaviour of | 

all the lines ( '^hS’^s “ essentially similar to I 

those of Ui-Po-Gr alloys and all the observations (i to iv) I 

I 

mads in Sootion 4.1 in connection with the o^qperiaen tel and 


Table 4.3 : P > and a-'t 77 and 300K for some Ni-Fe-V Alloys 
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theoretical linee for tjjg aod for Ki-Se-Or are equally 

mlid for Ni-Pe-V alloys; differences, if any, are merely 

quantitative. Contrary to the li-Se-Or system, the experimental 

^s” ® ^HS ^ lines are almost eoincident in the Fe-rich 

region of this ternary diagram. Hovfever, deviations from the 

S.B. model as also from the experimoatal K ~ 0 line become 

s 

more as V- concentration is increased. But the quantitative 

deviation from the S.B. model for this system is naich less 

than that for Fi— Be-Cr alloys. This can be expected if one 

TOCrpe 

remembers that vanadium is one^step away from Ni tl^n Gr in 
the periodic table and hence band splitting should be more 
complete in the former than in the latter. It also appears 
that in binary Fi-V, as in Ni-Cr, sign change in cannot 

be obserrved experimentally since ferromagnetism is destroyed 
before such a composition is reached. This is consistent with 
the literature data^^^^ where no siga change has been observed. 

As discussed in Section 3.3.2, }i vs. C curves show 
considerable non-lineariiy in Fi-Be-Y alloys also and 
has loeen found to be concentration dependent, having a value 
much less than the ideal value of 5. However, it could not be 
chocked whether this non-linearity could be a possible reason 
for the curvature of the Xg s^ad “/gg ^ 0 lines as we do not have 
enough magnetization data ( ju. ) available. But even with the few 
available data, it appears that for fbis system also have 

the same kind of compositional dependence as in Fi-Fe-Gr aM 
honce could possibly account for the curvature of the 

^HS 


0 lines. 



Thus it appears that the S.B. modal can fairly well 
explain the position of the s; 0 line for both the ternary 
(Cr/v) sysiienis. The apparent discrepancy between the theoie- 
tically predicted and experimentally obser’ved lines seems 
to be due to the non-linear concentration dependence of 
saturation magnetization. Because, this apparent disciepancy^ 
at least in the case of Ni-Be-Or alloys, is removed to a large 


extent when the above mentioned non-linearity is empirically 
incorporated into the S.B, model. However, the S.B. model 
rails to justify the position of the experimental Yjjg r; 0 
line simply because rjjg and X^ do not change sign simultane- 
ously, contrary to expectation. The ternary systems studied 
so far (Ni-re-Cu/Cr/V) , have all shown that experimental 
X 0 line is always in better agreement with the S.B. model 

S 


than the 
in the next section. 


0 line. This point will be further elaborated 

nb 


4.3 Relationship between and '^HS 

Due to their common origin in S.O. coupling, Xg 

and Ytia have been found to ,boar a common relationship in the 

lib 

case of varjous binary systems liJce li-Be, Gu-Mi, and also 
in ternary Ri-Be-Cu system^ and even in Be-Si-B metallic 
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glasses^"^ \ as has been already discussed in Section 1.2.2. 

In all the crystalline materials mentioned earlier, approxi- 
mately a constant latio of ^ 2x10^Q-''m’'^ have been found for 
glassy systemsthe ratio being slightly lower. 

On the basis of the above results, it was natural to 
c-TSck waether any such relationship at all exists between yrrc? 
and Xg for these tv/o temaiy systems, specially when the 
tomary diagrams in figures 4.1 and 4.2 show a large separation 
between the experimental X ~0 and y„„ 0 lines. The 

problems encountered in such an analysis are the following, 

The earlier data on linear magnetostriction are mainly confined 
near the region of 0 line and the corresponding data 

for are absent. On the other hand, X^ values corresponding 

to most of the alloys we have studied, do not exist in the 

literature. Also the earlier data of x were mainly confined 

s 

to single crystals. Fortunately X- for some of our alloys in 

s 

both the ternary systems have been recently measured by 

f 1 IQ ) 

Majumdar and Greenough^ . Using their data along with a 
few already existing in the literature ^ ^ ^ , a y^g vs. Xg 
plot was made as showri in Figure 4.3. la fable 4. 4 are 

presented the data used for suda an analysis, y^g data for 

( 1 18 ) 

two alloys were token from Sinha and Majumdar and the 

rest were measured by us. Except for one alloy (^^85. 5^'® 11 
Cr, all the other values of were taken from 

Hajumdar and Greenough^ "^^measurod on the same polyoiystalline 
samples on which Tjjg were measured by us. Ihis makes the 
comparison of Vjjg and Kg more meaningful. Since all the 
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To-blB 4*4 


Data for Xg an d y for some li-Pe-Gr and 
i~ De— V all ny s — 


Gompositions 

(at.%) 

“1 — — 

i 3'^Hs 

1(10^ Q"^m"^) 

-1- at 77K 

1 K 

I at 77K 


-12.0^ 

-1.6^ 


-24.4 

-e.o' 


-14® 

-2.5^ 


-10.3 

-0.75^ 

Di80-Do^6“G=^4 

-3.8 

+0.6^ 

^^85”^®1 r'^4 

-11.2 

-4.4^ 

Rig 3" Re ^ 0 ” *^7 

-3.8 

+0.75^ 

^^80.5^^'® 10. 5 ’^9 

-0.8 

+1.7^ 


-1.6 

+0.4^ 

^^^79. 4”^® 17" ^3. 6 

+3.2 

+3.0^ 


a " Reference (118) 


b , Reference (119) 
c Reference (120) 
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alloys have fairly high resistiyity (dominated by impurity 
eoatterlng), the relationship « p2 ,3 3,^33^, ^ 

good even at low temperatures. Because of this and the lower 

T3 of some of the alloys, 77 K data were taken for any such 
comparison. 

In figure 4.3 the straight line drawn using the open 

circles is for the IJi— le-Y alloys and the one with solid 

circles is for the Ni-Pe-Cr alloys, The dot-dashed line is 

for Ni-Fe alloys^ which has been included for 

comparison. Tnough tne number cf points is not sufficient, 

it appears that a rough straight line can be dra-vaa for 

both the systems. Howe^ver, for Ui-Fe-V alloys, one point 

(corresponding to lies away from the straight 

line. This deviation is unlikely to be an off-shoot of 

experimental error. No comment can be made on it at present, 

( 2Q') 

except for the fact that in Ni-Fe-Cu^ ^ system also all the 
points do not fall on the same straight line but form two 
separate branches. The main points that can be made from 
Figure 4.3 are the following: 

i) seems to be proportional to for both the 

ternary systems; the ratio about 2.8x10 q m 

fox Bjii 1*8x10 Q m fox Hkiis is coiii|XiX3.*blG 

to the value of 2x10^0” for Ni-Fe and other systems. At 
the same breath it is also pointed out that the value of the 
slopo fox Nx-Pg-^Cx £illoys should bs “fcQfcSH co-uliously sines 
the diagram is incomplete in the absence of any data for 
in the region of positive 



is 



ii) Usually the intercept the line makes on the 

positiTO, But here for both the ternary systeirs 

the intercepts are negative being about -3x10^ for 

3 -1 -1 

Ui— Be— V and about —7x10 Q m for Ui— i*e— Or alloys, in contrast 
3 -1 -1 

to +12x10 Q m for Ui-Be alloys. According to Berger's 
theory, the lines snould all pass through the origin, which 
has in fact never been realized in practice. 

Thus the fact that the slope and intercept are both 
aoigo nearer to the theoretical values for Ui-Be-Y than S’i-Be-Cr 
alloys, once again proves that the former is a better candidate 
to follow the S.B, model, probably because of more complete 


bend— splitting. Another interesting aspect of the problem is 
that the large deviation of yjjg ^ 0 line from if 0 line 
in the ternary aiagrams (Bigures 4.1 and 4.2) would have led 
one to expect that even if a proportionality relationship 


existed between and r^g, the interoepts of the straight 
lines on the Yuq“axis would have been sufficiently large, 


compared to other alloys. But on the contrary, we find them 


even much smaller than in other alloys. Physically this means 


that the change of sign of r^g with compos it ion is very 
gradual. A small negative, intercept on Vp^g-axis means that 
as one approaches the K ^ 0 line from the Si— rich side, 
first Xg changes sign and the rp.g value for the 
corresponding composition still reniiins negative but small in 
magnitude. But to reduce this small negative r^^g to zero, 
the change of composition necessary is rather large as can be 
seen from the large separation of the experimental X^ and 
o; 0 lines in the ternary diagrams. 
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The above statement will be much more clear if one 
looks at Figure 4.4 where and are plotted as a 

function of increasing Fe + Cr/V concentration for a series of 
ternary alloys whose Fe contents are roughly the same. In 
this figure are also included the corresponding quantities for 
ili-Fe alloys as a function of Fe concentration, for comparison. 

The values of for Hi-Fe alloys were taken from the data 

of Jellinghaus and Fe Andres^^^^ and from Bozorth et al.^^^^ 
and Hall^^^^. Since magnetostriction data for Ifi-Fe alloys 
in the literature are all for single crystals, they vexe converted b^ 
the relation = | ?^-}00 ^ 5 ^111’ compare with our 

pclycrystalline samples. It can be seen from the figure that 
the rate of change of X with concentration of impurity is 
hardly affected by the Impurity iype (Fe, Cr, V). But the 
change of rug with the addition, of Or/Y in tamaiy Hi-Fe-Cr/V 
alloys is much slower near Yjjg i:; 0 region than in corresponding 
binary Ui-Fe alloys. This is as if the transition from | 

negative to positi-ve is smeared out due to the addition of ! 

Cr/V in Ifi-Fe alloys. In this connection we recall that | 

Berger^ pointed out that if the d-band nas lo’Br than spherical I 
symmetry, then the transition from positive to negatire Tj^g I 

could get smeared out. Since transport properties like v^g | 

depend only on the electrons near the Fermi level, this effect I 

I 

j 

snould be more pronounced in the case of than X^. So j 

[ 

there seems to be a possibility that the presence of Cr/V : 

3.l1j6irs "fch .9 d*“*b 3 .iid in such a. Haims ir as io its i 

symnietry vhich in turn snBars out the sign change of I 


Fe*Cr/V concentration (at. °A 


Variation of y and Xc with 



If this is true, then one should also expect that the naximum 
in ferromagnetic anisotropy of resistance, found for compo- 
sitions near the vicinity of x 0 line, should also 

get smeared out being a transport property . Unfortunately 
the absence of any such data for the two ternary systems, 
rules out the possibility for a check. It seems, the effect 
snould be more prominent in the case of Ui-Fe-Cr alloys than 
Ui-Fe-V, as the snsaring out app)ears to be less in the latter 
case. 

To summarise, from all the experimental date available 
so far, and 7^^ do never change s±ga exactly at the same 
composition (since and plots have never been found to 
pass exactly through the origin), but approximately at the 
same compositions. Our systems are also no exception to 
this end. But there is a possibility, that tte small discre- 
pancy found in other systems regarding the compositions at 
which Xg and change sign, gets many times magnified 

in these ternary alloys because of the slow variation of Yjjg 
as a function of Cr/V concentrations. So the small separation 
between the X ^ 0 and 0 lines in the ternary 

diagram found in the other systems, gets highly nagnified 
in the case of Ui-Fe-Cr/V alloys, which gives an in^rassion 
as if no relation exists between ?v, and ruo in these systems. 

S HD 
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4.4 Magnetization data and Sign change of rtr,, and X 

no S 

The problem can also be looked at from a different 
point of view. As has been already shown in Section 3-5, 
magnetic measurements in the fexro as well as paramagnetic 
regions gave ample evidence that both the temaiy systems 
behave as weak (not very weak) itinerant ferroimgnets. 
Iiicreasing concentration of Cr/V drives it more towards weak 


ferromagnetism. This behaviour is incompatible with the band 


model suggested by Berger. Probably such a model is an 
oversimplification of the reality. Unfortunately, so far no 
rigoixDUS calculations have been carried out to give an idea 
about the band structure of these ternary systems; mainly 
compu tat iorxal problems have thwarted such attempts so far. 


But long back OPA calculation of band structures for the 
corresponding binary systems (e.g. Ui-*Pe, Ni-Cr, Pe-Cr, etc.) 
were carried out by Hasegawa and Kanamori^^'^’^®^ . Their 

(37) 

results show that in the case tf Ui-Cr alloys , a 
distinctly separate band of Gr emerges above the Ni-spin- 
down tana, vfciob gTOWs in size with inoressing Ci-oonoentratlnn, 
ultimately merging with the Hl-spin-dovn hand. In the case of 
Pe-Or alloys^^a)^ the energy difference of an electron 

sitting at the Oiwslte from t® one at the Pe-site ) 

is TCry smai for the do«n-spln electrons, on alloying, the 
dow.-spln hand of ie hardly «>difled. On the other hand 
the up-spln hand of Pe, thou^ gats considerably deformed, 
lordly shows any sign of splitting, mar these oircumstances. 


Berger' s n»ael for ternary Ki-Je-Cr alloys, seems to be over- 
sirnplified. It seems logical to think that the Or spin-dom 
hand does not get separated out from the Pe-spin-dom band, 
in contrast to what was suggested by Berger. Also the Cr 
spin— up band should not lie for away from the Pe spin— down 
oand and there should be a considerable overlap between the 
two. With increasjng Or- concentration, tne Cr sub— bands 
should grow in size and move towards the Ni— spin— down band. 

On the other hand tne Permi level of the system is also pushed 
up due to electron transfer. Thus at higher Cr concentrat jnns, 
when the Permi-level is near the edge of Fi-spin-down band, 


the assumption that all spin-up bands in the system are full, 
breaks down. In Eqn. (1.8), then one has to take into account 
the contribution of states in the spin-up bands also. Probably 
the large disagreement between our experimentally observed 

0 line and the one predicted by the S.B. model is due 
to this reason. Also the slow variation of with 

Cr-concentration near the T^g ^ 0 line seems to be in 
agreement with this picture. If this picture is correct, 


the alloys with increasing Cr content should behave more as 
itinerant weak ferromagnets simply because part of both up— spin 
and down-spin states above remain amply. This is consistent 
with our magnetic hk) a sure meats as discussed earlier. 

In the case of IIi-Pe-lS system, due to the absence of 
any such band structure calculations even for binary M-V, 

Pe-V, etc., nothing much could be said. Nevertheless, simlar 

r and magnetization for this system 


type of findings for 



suggest that similar mechanism could also be responsible for 
this system. Because of larger charge difference between Fe 
and V, band splitting for Fe-V alloys should be more complete 
and hence in temaiy Hi— Fe— V alloys, tte overlap betv^en 
the Fe- spin-down and the V -spin- up bands should be lesser. 

The smaller discrepancy between the theoretical and our 
experimental 0 line probably points to the same 

direction. 

4.5 Residual Resistivity of Ternary Ni-Fe-Gr and Fi-Fe-V 
Alloys and the "Tw3- Current Model ” 

To explain the anomalous temperature dependence of 

f 1 21 

resistivity in Ki and Pd, Mott^ ‘ suggested that conduction 
takes place in parallel, through spin-up and spin-down electrons 
in transition metals. The idea was deyeloped further by Fert 
and Campbell*' and extended considerably by Dorleijn^ 

Gautier et al.^^^'^^ andothers. The basic philosophy is that 
in transition metals, the relaxations times of the St and S* 
electrons (which are the main current carriers) are q.uits 
different and they conduct in parsilel. The large deviation 
of B/Iathiessen* s rule (BMR) in transition metal alloys lend 
support to this hypothesis. Different band occupancies of 
the d-electrons, which are split into spior-up and spire-down 
bands in the presence of ferromagnetic exchange field, 
provide the main reason for the different relaxation times of 
the spin-up and spin-down conduction (s) electrons. Basically 
three processes are mainly responsible for the resistivity: 
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(i) the direct S S scattering as in normal metals, (ii) the 
indirect S-d-S scattering, and (iii) the S-d scattering vbere 
the scattered state (d) is non-conducting, if in a particular 
metal, like Ni, the spin-up band is full, then the resistivity 
of tne spin-up electrons (pt ) will be considerably less than 
pi since the third process cannot take place for the St 
ele ctrons . 

This " t'wo-current model" has been found to be quite 
satisfactory in explaining the resistivities of transition 
metals and alloys (reference (123) and references therein), 
thermo-electric power in various Hi and Go— based transition 
metal alloys (3d, 4d and 5d series) ^ ferromagnetic 
anisotropy of resistance and anomalous Hall effect in dilute 
Ui and T'e based transition metal alloys^ and so on. 

The so called "period effect", characterised byj (i) a maximim 
in pt ^ , (ii) sign change of tte thermo-electric powere ^ 

and (iii) a maximum in the specific increment of electronic 
specific heat co-efficient^ also finds suitable explanation 
in the framework of the "two- current model". Actually the 
"period— effect" is ohssjrved when various elements, starting from 
the beginning of the transition metal series are added to Ui 
(or in some other element) and the changes in the various physical 
properties mentioned earlier, are monitored. A distinct 
aho maly is observed with the co— incidence of the virtual- 
bound state of the impurity atom with the I’ermi-level of Hi 
(or the host material) and this occurs with Or in the first 
transition series, Ru. in the second and Os in the third. 
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According to the tw current nodel, the total electrical 

resistiTity P , is given by 

p = +P») 

p^-p^^p . (4*1) 

where t , * ) are the resistivities associated with each 

sub-band a , and p^^ is the term which takes care of the 
mixing of the two parallel currents due to spin- flip scattering 
( electron— tnagnon interaction) and is important only at fairly 
high temperatures. It is assumed tnat tnough llatthiessen's rule 
is not valid for the total resistivity, each sub— band resistivity 
follows the same. Thus in a binary alloy 4 .^qq ^ sub- 

band xasistivities are gi-yen by 


Pot'') 


P (T) 
ma^ ^ 


+ X p 


Ba 


(4.2) 


where the first term in the right hand side signifies the pure 
matrix resistivity and the second term, the impurity resistivity 
which is assumed to be temperature independent. It should also 
be noted that in the linear relationship between impurity 
resistivity and concentration x, is inherent the implication 
that Sqn.(4.2) should be -valid in the dilute alloy limit where the 
impurity— impurity interaction is insignificant. SJxperlmen-tal 
results^ show that Eqn. (4»2) is -valid upto about 5 at,% 


of -tx)tal impuri-ty content in most of tte Ki and -Be based alloys. 

Now in the dilute alloy limit and at low tempera -tures, 
the pure matrix resistivi-ty term and the spin-mixing "term 


ti 


( 129 ) 

insignificant compared to this inq?urity resistivity^ 


are 



Under this condition, combining 3qns. (4.1) and ( 4 . 2 ) the 
expression for the residual insist ivity is giwa by 




(4.3) 


In case of a temaiy alloy ■^ioO-x-y®x*^y’ temperature 

limit, is given by 


Pq X '-.Qg+ 7 PgQ ( 4 . 4 ) 

So if ^ 30 > ^ known, the residual resistivities could be 

easily calculated# Studying hundreds of binary and ternary 
alloys based on Ui and Be, Dorleign^ has tabulated the 
values of p^ for different transition metal impurities. 

Using the values of p^ for Be, Cr, V etc. in Hi, one could 
estimate the residual resistivities and compare with our experi- 
mental values. But one should not expect very good agreement 
with Eqn. ( 4 . 3 ) simply because our alloys are fairly concentrated 
and due to impurity- impurity interactions, the linear relation- 
ship between impurity resistivily and concentration (lqn.(4.4)) 
cannot be expected to hold ^od. In 5hble 4. 5 are presented 
the theoretically calculated values of residual resistivity 
and our 77K results. Since our alloys are concentrated, the 
change in resistivity between 77 K and 4K is expected to be not 
more than a few percent, which is within the eiror— limit of 
our measurements. This makes the comparison between 77K data 

and the theoretically calculated resistivity values quite 

( 1 23 ) 

meaningful. According to Dorleijn et al. ^Bet~ 



gable 4. 5 ; 


i:)4 


Srperimental mlues of the resistlTity of 
Ni-Pe-Cr/V alloys at 77K and tbose pred'icted 
by the ” two- cur lent model'* (3qai4.4>T 


Compos it ioQ. of 

;ii-Fe-Cr/¥ 

alloys (at.%) 

i%xp. 

! at 77K 

! .. 

— T" 

f 

t 

I 

! 

! 

f 

f 

^^th^ residual 
( IS Q 

Cr-series 




78-6-16 

0.84ip.04 


1.00 

72-8-20 

1.0740.03 


1.26 

85.5-11-3.5 

0.5240.015 


0.43 

81-11-8 

0.8840.025 


0.71 

13.5-11.5-15 

1 V 03+*s> 0 Om 


1. 10 

70-12-18 

1.0640.03 


1.27 

75.1-12.8-12.1 

0.9540.02 


0.98 

72.5-13.7-^13.8 

0.9940.02 


1.10 

80-16-.; 

0.6540.03 


0.56 

75-17-8 

0.7740.02 


0.84 

68.1-17.4-14.5 

1.0 If 40 .05 


1.23 

75.5-20.3-4.2 

0.6140.02 


0,63 

76.8-21.2-2 

0,4340.01 


0.41 

67-21-12 

1.0440.03 


1. 17 

69.6-22.8-7.6 

0.9040.015 


0.92 

V- series 




00 

\ 

.-Jk. 

o 

\ 

0,8140.02 


0.49 

85-11-4 

0.5440.02 


0.35 

81-17-2 

0.3440.01 


0.26 

79.4-17-3.6 

0.4940.015 


0.57 

74-22-4 

0.5840.02 


0.44 


"" 4-.9MQ cm.; = 28 and 6-2 /xq cm.; 

Py^= 14 and = 6. 5M’Q cm,respecti-vely. These mlues 

were used for our resistivity calculations and are presented 
in Table 4.^ along with the experimental data. 

Table 4. 3 shows that for Ki-Fe-Cr alloys, the calculated 
values are in fairly good agreement with the experimental 
ones for alloys with low Cr-content ( < 8 at.'C), though the 
total impuril^’" concentration often exceeds more than 20 at?1. 

But the agreement becomes poorer mth increasing Cr-content. 

The reasons are two- fold: 

(i) Theoretical calculations ^ have shown that in 


binaiy ili-Fe alloys, P- is approximately linear even upto 

i; 


about 15 at.:;^ Be after which it starts bending aad ultimately 


decreases after passing through a maximum, around 30 at.jS of 


Be. But remains very small until about 60 at, of Be. 


^ii) Since the contribution of Or atoms to the total 


resistivity is much larger than that of Be atoms ( Pqj.» Pjsg^ and 


P„ ), in ternary Ni-Be-Cr alloys the effect of small 


lon-linearity in p. 


should not influence the total resistivitv 


much. Hence even for alloys with high Be content ( < 50 at.^) 


but with low Or, the theoretical and experimental values should 


agree reasonably well, as has been observed by us. 


But in the case of alloys with high Cr-content 


(> 7 to 8 at.%), theoiBtical values are always larger than 


the experimental ones. This is because of the following 


reasons. Theoretical 


(130) (123) 


, as well as experimental results 


have pointed out that in binary Hi-Cr alloys, resistivity 
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increases linearly -with conceuliration upto about 5 to 6 at.fi 
of Cr and then the rate of increase ' slows down. So if one 
calculates P for the concentrated allows, _ using the "vaiues of 

^Grt ^Gr* ^ linear rang4 (G<5 at.“^), it is quite 

obvious that the calculated "values will be larger than the 
actual ones. Since the resistivity is dominated by Cr 
contribution, the disagreement between theoretical and experi- 
mental values will be more for the alloys richer in Cr- content. 
This is consistent with our observation. 

However, the same type of calculations, vtoen ex-tended tc 
Hi— Ee-V alloys, hardly met with any success. Sven for the alloj 
with low V- content, the disagreements were enonnously large, > 
as can be seen from Table 4*3 • Since for the alloys with highei 
V-content, the disagreements were e-yen larger, they are not 
included in the -table. One interesting observation that comes 
out from Table 4. 5 is that the calculated -values are always 
much smaller than the obser-ved ones. As discussed earlier, 
if deviation from linearity of the p vs. concentration curves 
(i.e. -violation of 3qn. (4.4)) would have been the reason, »ne 
should ha-ve expected the calculated -values to be larger than 

the observed ones. Again as Py^< ^^crt ^Yi*^^Cr 4 . ’ 

one should expect that the ternary Hi-He-V alloys should have 
lower resistivities compared to the same compositions for the 
corresponding Hi-Fe-Cr alloys. But surprisin^y, we observe 
from our experimental results that p for the alloys in both 
the series ■'.cLth similar compositions, have comparable ma@oitude£ 
At present we are unable to give any ^tisfactory explanation 
for these observations. 


Chapter ¥ 


In this chapter vre vill briefly summarise the highligi 
of the present study, followed by a short discussion on the t 
for future work, 

5. 1 Conclusions 

These can be broadly classified into two categories: 
i) those derived from the magnetization measurensnts at3d ii) 
ones from the Hall effect studies. 

The important out coma of the magnetization ureasurenButi 
are the following: 

i) At low temperatures, though the change in magneti-, 
zation with temperature could very well be accounted for by 
spin-wave theories, the values of the spin-wave stiffness i 
constants (li) in Hi-Pe-Gr alloys were always found to be less ; 
than those obtained from neutron scattering experiments. Por ' 
Hi-Pe-V system no such comparison could be made because of ’ 
the absence of any neutron scattering data. : 

ii) Por the Hi-Pe-Or system, this discrepancy can be vei 
well explained if one assumes that along with spin- waves there: 
also present an additional excitation, which in this case seem^ 
to be Stoner* s single particle excitations corresponding to wes 
itinerant ferromagnets. The co-efficiant of the Stoner term 
increases sharply as the Or concentration is increased. 


iii) The overall beaavLour of reduced maguetizaliioii vs 
reduced temperature curves are not of the usual Brillouin 
function type, but they resemble those of amorphous ferro— 
magnets. These data can be explained only in terms of E»dif 
Brillouin functions corresponding to that of a highly 
"disordered” system. 

iv) Our data for ju as a function of composition, sho’s 
considerable deviation from linearity for both the ternary 
systems and once again confirm the findings of Menshikov et.a 
for Ki-Fe-Cr alloys. 

v) Rhodes- Wo hlfarth ratio haire been found to 

be always greater than unity and it shows a systematic increa 
with increasing Or/? concentrations (i.e. with decreasing T^) 
The values are also comparable to other itinerant systems witl 
comparable T , 

vt) All the above observations including the fairly go< 
straight line behaviour of Arrott plots over a wide tempemtuj 
itxnge, indicate that both the ternary systems behmre nnre lifc« 
itinerant weak systems as the concentration of Gr/Y is increag 
This is inconsistent with the S.B. picture since according to 
it one should expect tnem to behr:ve like strong ferromagnets. 

On tne other hand, the conclusions that could be drawn 
from, the Hall effect measurements are as follows: 

i) The present study enabled us to establish the (-r^g' 
line for the two ternary systems. Sut the position of the 
line is far away from the one expected from the S.B. laodel as 
well as fiom the line. Also our 0 line and 



V 


the already established "K si 0 line show considerable 

O 

curvature contraiy to what is expected from the S.B, model. 

ii) The inconsistency of the S.B. xnodel with tha pagn- 
zation data and also its failure in explaining the Ypg ^ 0 
line, points to the oversimplification of the actual band pii 
in the S.B, model. It seems that the assumption that Be and 
Cr/Y bands are completely distinct and separate, is far from 
the reality. 

5.2 Scope for Purther Work 

Anybody conversant with the history of the development 
of science will admit, that in most cases an investigator hai 
ever knows what lies at the end of the road, although the pat 
is always chosen with csertain expectations, based nKJstly on 
ro-tional judgement. At the end of the joumey some expectati 
are realized, but not before giving birth to a host of new on 
The present investigation can be categorised into this class.; 

As discussed in Section 3.5, our ma^ietization measure| 
ments strongly supported the idea that the addition of Cr/V ii 
Ni-Be alloys drives it more towards itinerant weak ferromag- ' 
netism. But because of our present experimental limitations 
(viz, inaccessibility to temperatures below 77K), this idea 
could not be placed beyond doubt. Bor that it would be neces 
to study some more alloys with even lower T^ (i.e, with HK>re 
Or/V content). 


la the case of Hi-Fe-Y alloys it is highly adTisable 
carry oat some inelastic neutron scattering experiments to obi 
the spin -wave stiffness constants (D) and compare it with ou] 
magnetization derived values. We have a strong suspicion the 
even in Hi—I'e— Y alloys, the D values obtained by us are small 
than actual ones due to the presence of excitations other tha 
spin mves at low temperatures. This can also be verified fi 
more accurate magnetization measurements. 

We found that the Gurie-Weiss behaviour, specially for 
Cr/Y-rich alloys (i.e. with lower T ), starts at temperatures 
much above T^. However, this temperature does not seem to be 
high enough to exceed the degeneracy temperature, as expected 
from the itinerant models. Whether this deviation is actually 
due to some short range ordering or due to sou® other reason ^ 
be verified from small-angle neutron scattering experiments. 

The non-linearity in the jn vs. concentration curves, foi 
both the systems, also do not find any suitable explanation in 
the existing theories. We draw the attention of the theoretic 
to this problem. Probably GPA type band structure calculation 
could shed some light on this point. 

Prom our Hall effect measurements, we found that due to! 
the addition of Cr/Y in li-Pe alloys, the transition from ; 
negative to positive gets sneared out compared to binaiy 
Hi-Pe alloys. Correspondingly one should expect, if at all, a 
broad maximum in feriomagnetic anisotropy of resistance in con’ 
with a fairly sharp one observed in other systemsat the 
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compositions where changes sign, Bui so far, except for 
a few sketchy data^^^\ no systematic study has been made in 
search of this maximum for the two ternary systems. 

Finally our data on extra-ordinary Hall effect and 
magnetization show that the S.B. model is inadequate, prohahly 
because of oversimplification of the band structure, A clear 
picture can emerge only when sodb actual band structure calcu- 
lations for the two systems are available. 
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